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Abstract
In this thesis, the downconversion (DC) and upconversion (UC) luminescence prop-
erties of rare earth doped materials were investigated for the spectral conversion of
part of the solar spectrum, in order to enhance the performances of silicon photo-
voltaic devices. Significant progress were achieved regarding the understanding of
loss mechanisms which limit the photoluminescence quantum yield (PLQY) of those
materials. Achieving high PLQY values is of key importance for the successful re-
alisation of DC- or UC-enhanced photovoltaic devices.
It was found that, in high absorbing materials, the PLQY can be reduced drasti-
cally by the self-absorption effect. The constraints imparted by this loss mechanism
on the optical performances of the luminescent materials were determined using a
one dimensional optical model developed by the author. The model was also experi-
mentally validated via spectroscopic characterisation of a downconverting co-doped
Ce3+/Yb3+ borate glass.
The role of self-absorption within an hypothetical DC-enhanced photovoltaic
(DC-PV) device was investigated to find out the physical performance limitations
of the device. Moreover, an UC material consisting of Er3+-doped hexagonal sodium
yttrium fluoride (β-NaYF4) was theoretically investigated to look at the implications
of self-absorption on two experimental situations: the case of a PLQY measurement,
and on the effective performance in a UC-enhanced photovoltaic (UC-PV) device.
The study demonstrates that an optimization of the thickness is essential in order to
reduce the effect of self-absorption and maximize the possible additional photocur-
rent that could be harvested, and that the optimal thickness takes different values
depending on the case considered.
As a major progress, an UC material consisting in barium yttrium fluoride
(BaY2F8) single crystal doped with Er
3+ was optically characterised resulting in
a measured external photoluminescence quantum yield (ePLQY) of 12.1±1.2 % for
a BaY2F8:30at%Er
3+ sample of thickness 1.75±0.01 mm, and a measured internal
photoluminescence quantum yield (iPLQY) of 14.6±1.5 % in a BaY2F8:20at%Er3+
sample with a thickness of 0.49±0.01 mm. Both values were obtained under ex-
citation at 1493 nm and an irradiance of 7.0±0.7 Wcm−2. The reported iPLQY
and ePLQY values are among the highest achieved for monochromatic excitation in
this research field. Finally, the losses due to self-absorption were estimated in order
to evaluate the maximum iPLQY achievable by this promising UC material. The
estimated iPLQY limit values were ∼19%, ∼25% and ∼30%, for 10%, 20% and 30%
Er3+ doping level, respectively.
The self-absorption model clarifies the origin of the disparity between the theo-
retical and the experimental PLQY reported for some materials. The results from
this work assist with the design and implementation of DC and UC layers for pho-
tovoltaic devices, as well as providing a framework for optimization of luminescent
materials to other fields of optics and photonics.
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Chapter 1
Introduction
1.1 Motivation
In 2011 the size of world’s population reached 7 billion, and is expected to increase
up to 10 billion by 2060 [1]. The high growth rate, which has mostly affected the less
developed countries of Asia and Africa, is also accompanied by a rapid industrial
development of those countries and by a massive urbanisation process [2]. To sustain
this ongoing trend an increasingly higher energy supply is required.
The large availability of fossil fuels, like oil, natural gases and carbon, as well
as the support of nuclear energy, have been sufficient so far for meeting the global
energy demand. In fact, nowadays more than 80% of the total primary energy supply
is provided by fossil fuels and nuclear power [3].
However, it is well-known that those are finite resources, which will inevitably
run out in a not too far future. Beyond that, they are recognised to have a negative
impact on the global environment. Fossil fuels are the primary cause of carbon
dioxide emissions [4], while nuclear power presents several issues regarding storage,
recycling and disposal of nuclear waste [5]. The use of alternative viable resources
becomes necessary to meet the increasing energy demand and to progress towards
the direction of a more sustainable approach to energy production.
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Renewable energies, such as wind, solar, hydroelectric, geothermal and biomass,
represent both a clean and inexhaustible resources for the production of energy and
for this reason they gained major attention in the last decades [6].
Among them, solar energy represents a vast resource, which could in principle
meet the world’s needs for clean power generation. A common argument used to
support this statement comes from the fact that the Sun provides Earth with as
much energy every hour as human civilization uses every year (170,000 TWh) [7].
Clearly, it is not possible to collect the whole solar radiation incident on the
Earth’s surface, and we also have to consider that the device allowing the conversion
of solar energy into electricity, the photovoltaic (PV) solar cell, could not harvest
the whole solar spectrum.
Currently, PV solar cells have reached record efficiencies up to 46% using costly
technologies like multijunctions solar cells. However, the actual PV market is domi-
nated by silicon technology [8], whose record efficiency currently reached 27.6% [9].
Despite its lower efficiency, silicon technology still represents the best cost-
effective solution, and it is expected to dominate the PV market for the next
decades [10]. For these reasons, achieving higher efficiency PV solar cells utilising a
well-established technology, like silicon, is economically convenient.
In this thesis we will focus on one possible way to improve the efficiencies of
silicon-based PV devices, taking advantage of the spectral conversion properties of
rare-earth doped luminescent materials, which could be used to reduce some of the
fundamental losses that occur in a traditional solar cell.
1.2 Fundamental Losses in Solar Cells
A traditional silicon-based PV solar cell consists of a single p-n junction (a solid-
state semiconductor diode) equipped with metal contacts on the top and on the
bottom of the device.
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Due to the existence of an inaccessible energy gap in the band-like electronic
structure of semiconductor materials, incident light on a solar cell could only be
absorbed if the photons possess an energy greater than a certain threshold value,
the energy bandgap.
Its value depends on the type of semiconductor material employed, and it deter-
mines the energy separation between the valence band and the conduction band. A
photon with energy above the energy bandgap is absorbed by the p-n junction and
promotes an electron from the valence to the conduction band, leaving a positively
charged hole in the valence band. The resulting carriers are then collected by the
conductive metal contacts, which allow the current to flow in an external electrical
load.
The resulting external quantum efficiency (EQE) of the solar cell, defined as the
number of photogenerated electrons per incident solar photon, may vary consider-
ably depending on the wavelength of the incident radiation. In fact, not all photons
coming from the Sun can be absorbed, and also not all the photons absorbed by the
cell eventually leads to charge generation. This is due to the existence of different
fundamental losses, which are schematised in Fig. 1.1.
p-type n-type
hole (h+)
electron (e−)
photon
sub-bandgap
above-bandgap
photon
absorption
Thermalisation
Recombination
Junction losses
Contact losses
Transparency
losses
losses
losses
photon
Conduction band
Valence band
Figure 1.1: Fundamental losses in a single p-n junction PV solar cell. Adapted
from [11]
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The fundamental losses that can occur in a single p-n junction solar cell are:
• Transparency losses. This include all those photons with energy below the
semiconductor bandgap (sub-bandgap photons) which are not absorbed by the
solar cell.
• Thermalisation losses. Absorbed photons with energy much greater than
the bandgap excite electrons at higher states of the conduction band, which
eventually relax to the band edge. This relaxation is called thermalisation and
it mainly causes an electron kinetic energy loss which is dissipated as heat.
• Recombination losses . Every electron-hole pair formed in a p-n junction
is in a meta-stable state, which means that both carriers tend to annihilate
each other. The annihilation, more commonly referred as recombination, could
be radiative, releasing a photon with energy close to the energy bandgap, or
non-radiative, thus without emitting any photon. The latter effect is known
as Shockley-Read-Hall recombination [12], and it is caused by the presence of
defects in the semiconductor.
• Junction losses . This includes the loss of energy of electrons flowing through
the junction interface between the n-type and p-type layers which leads to a
voltage drop.
• Contact losses . Those losses are similar to the previous as they involve
again a voltage drop, which in this case is due to the junction between the
semiconductor and the metal contacts.
Junction and contact losses usually represent just a few percent of the total dissi-
pated energy (1%). Instead, the major losses mechanisms are due to thermalisation
losses, transparency losses and electron-hole recombination losses. As calculated by
Shalav et al. [11], the amount of those losses is bandgap dependent (see Fig. 1.2).
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Figure 1.2: Fundamental losses within a solar cell depending on the energy bandgap.
Adapted from [11].
According to Fig.1.2, for a bandgap of 1.12 eV (crystalline silicon (c-Si) bandgap)
the amount of transparency losses results about 20% of the total energy provided
by the Sun, and 30% is the amount of losses caused by thermalisation. The useful
work that can be extracted is 30%, and is called the Shockley-Queisser limit.
1.3 The Shockley-Queisser Limit
The Shockley-Queisser [13] limit refers to the maximum theoretical energy efficiency
conversion that could be achieved by a solar cell based on a single p-n junction.
It was proposed in 1961 by Shockley and Queisser as a way to calculate the solar
cell limitations using a non-empirical method, i.e. not requiring all different cell
parameters to be known. Their calculation is based on the principle of detail balance,
which states that, at equilibrium, each elementary process should be equilibrated
by its reverse process.
In their study the elementary process taken in consideration is the generation
of electrons-hole pairs by photon absorption, while the reverse process its their
radiative recombination. The photons are provided by the Sun, which is supposed
5
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to have the same emission spectrum of a blackbody radiation at a temperature of
6000 K.
Shockley and Queisser found an efficiency limit of 33% for an optimal bandgap
energy of 1.4 eV, while for a bandgap of 1.12 eV (case of c-Si) the efficiency resulted
limited to 30% (see Fig. 1.3).
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Figure 1.3: Maximum PV efficiency which can be obtained for a given energy
bandgap. The curve’s maximum represents the so-called Shockley-Queisser limit.
The figure has been adapted from [13]. The additional point shows the current
world record silicon PV efficiency measured at Panasonic laboratory under non-
concentrated sunlight.
In Fig. 1.3 the best experimental efficiency measured for non-concentrated light
(25.6% Panasonic HIT Solar Cell [14]) has been plotted to show that current research
has been able to get closer to the fundamental limit described by Shockley-Quiesser.
The energy conversion efficiency limit originates from the fundamental losses
taking place within the solar cell. By reducing those losses, not only we are able
to approach the Shockley-Queisser limit, but we can actually overcome the limit
because the lossless system would change the assumptions of the detailed balance
treatment.
Therefore, the Shockley-Queisser limit represents an ultimate limit only for a
device based on a single p-n junction in its simplest form. Every improvement
involving the device optimisation, such as the employment of new materials, has to
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be regarded as a new system and will be characterised by its own limit. Overcoming
the Shockley-Quiesser limit is not against the laws of physics but it is actually
something feasible.
The “ultimate” efficiency limit for a generalised system converting sunligth into
electricity is the so called thermodynamic limit. In this case the solar cell is described
has a heat engine undergoing a Carnot cycle within the temperature of the Sun (5800
K) and the temperature of the absorber (300 K) and the maximum efficiency results
93% [15].
1.4 Reducing Losses via Spectral Conversion
The primary cause of the fundamental losses in a solar cell is the so called spec-
tral mismatch between the incident solar spectrum and the solar cell absorption
spectrum.
Figure 1.4 displays the mismatch in the case of a silicon solar cell transparent
for photons with wavelength longer than 1100 nm.
Figure 1.4: Spectral mismatch between the solar cell absorption spectrum and the
incident solar spectrum. Adapted from [16].
Different approaches to solve the spectral mismatch problem have been reviewed
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[17–19] and will be presented later in Section 2.1.4. One of those approaches, which
will be the main topic of this thesis, is to use spectral conversion.
The idea behind it, is to effectively modify the solar spectrum incident on the
solar cell, employing photoluminescent materials in which absorbed light can be
downconverted (one high-energy photon into two low-energy photons) or upcon-
verted (two low-energy photons to one high-energy photon). The resulting down-
or upconverted emission is absorbed and efficiently converted into electricity as it is
emitted in a spectral region where the solar cell performs at its best, i.e. close to
the energy bandgap.
1.5 Upconversion and Downconversion for Photovoltaics
In principle, the employment of spectral converter is a promising way to increase
the efficiency limit imposed by Shockley-Queisser. Ideally, an enhanced PV device
harvesting the spectral conversion properties of both DC and upconversion (UC)
would consist in a bifacial silicon solar cell with a downconverter layer placed over
the top side and an upconverter layer placed between the bottom side of the cell
and a reflecting layer, as shown in Fig. 1.5.
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Figure 1.5: Ideal design of a spectral conversion enhanced PV device.
The main feature of an enhanced PV device is that the downconverter and up-
converter layers are optically active but electrically passive, meaning that they can
increase the output current of the device keeping constant the output voltage. This
represents an advantage comparing, for example, to conventional serial connected
multijunctions solar cells, which are limited by current matching restrictions [20].
The disadvantages of such a technology are instead represented by the low
efficiencies of the downconverter and upconverter materials. Theoretically, their
iPLQY, defined as the number of downconverted/upconverted photons for absorbed
photons, could achieve more than 100% for DC and up to 50% for UC. In practice,
those values are difficult to achieve due to additional optical losses degrading the
luminescent properties of those materials. How to overcome those limitations is the
aim of this thesis.
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1.6 Thesis Overview
The thesis investigates the potential benefits of rare-earth-doped downconverter and
upconverter materials in the framework of increasing the efficiency of silicon-based
PV devices.
Chapter 2 presents a brief history of solar energy research followed by the de-
scription of the operating principles of solar cells and the derivation of the Shockley-
Quiesser efficiency limit. The theory of Rare Earths luminescent materials is also
introduced, with a particular focus on two main properties: DC and UC of light.
The description of an ideal PV device enhanced by the use of downconverter and
upconverter luminescent layers is presented.
Chapter 3 describes the materials and methods common to most of the experi-
ments presented in this thesis. It contains the description of the synthesis technique
used to grow the materials investigated and the different optical set-ups used to per-
form spectroscopy measurements to characterise the downconverter and upconverter
materials.
Chapter 4 reviews the current state of the art of DC studies for PV applications.
It also reports about the luminescent properties of a specific downconverting borate
glass co-doped with cerium and ytterbium. Following the discussion of the results,
an analytical model describing the self-absorption loss mechanism is proposed and
experimentally validated via the analysis of photoluminescence emission spectra
measured for different sample’s thicknesses.
Chapter 5 discusses the impact of self-absorption on absolute photolumines-
cence quantum yield analysis and on DC and UC enhanced PV devices. Specifically,
this chapter shows how the self-absorption loss mechanism depends strongly on the
experimental conditions used to measure the photoluminescence properties. Finally,
it examines the combined effect of the exponential absorption of incident light and
the non-linear power dependence of the UC process.
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Chapter 6 presents a review of upconverter materials used for PV applications
and reports the promising results showed by an erbium doped barium yttrium flu-
oride upconverter crystals achieved by reducing the self-absorption loss mechanism
discussed in the previous chapters.
Chapter 7 draws the conclusions on the basis of the results obtained in this
work and suggests further work in the area of spectral conversion in order to achieve
highly efficient PV solar cells.
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Photonic Materials for
Photovoltaics Applications
This chapter begins with a brief history of solar energy research, from the earliest
studies to the recent developments, which introduce the three generations of solar cell
technologies. The theoretical background on the fundamental physics of solar cells is
provided in order to understand the operation and the dominant mechanisms which
leads to the Shockley-Queisser efficiency limit of a PV device. The discussion is
followed by presenting the theory of rare earth doped luminescent materials, which is
necessary to comprehend the mechanisms causing the spectral conversion properties,
with particular focus on the DC and UC processes. Finally, we will show how we
can combine the luminescent properties of rare earth with an established solar cell
technology in order to design a PV device overcoming the Shockley-Queisser limit.
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2.1 Solar Energy Research
2.1.1 Historical Background
A legend says that around 212 BC the Greek city of Syracuse, under siege by Ro-
mans, used a solar powered defensive weapon developed by the famous inventor and
mathematician Archimedes. Supposedly, the Syracusans were able to concentrate
the sunlight with a collection of mirrors on the upcoming Romans ships and set
them on fire (see Fig. 2.1). Despite the veracity of its actual realisation, this legend
told us that more than 2000 years ago it was already present the idea of harvesting
the energy provided by the Sun.
Figure 2.1: Wall painting from the Uffizi Gallery, Stanzino delle Matematiche, in
Florence, Italy, showing the Archimedes’ mirror used to burn a Roman military ship.
Painted by Giulio Parigi in 1600.
Generating heat from the Sun is quite a familiar concept because it is closely
linked to the warming feeling we could experience on a sunny day, whereas it is less
obvious how to generate electricity from sunlight.
A crucial experiment performed by the French physicist Edmond Becquerel in
1839 showed for the first time that it was possible to produce electric current from
light. In the experiment he created an electrolytic cell from two platinum electrodes
coated with silver chloride in an acidic solution [21]. Eventually, he noticed that
exposing the cell to the sunlight resulted in an increased current generated by the
13
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electrolytic cell.
In 1876, Adams and Day observed the effect of light in selenium [22]. The cell
consisted of a thin layer of gold on top of selenium and it had an energy conversion
efficiency less than 1%. This prototype led to the first solar cell device made by
Charles Fritts [23] in 1883.
At the beginning of the twentieth century two crucial breakthroughs were achieved:
the first due to Albert Einstein, who, in 1905 explained the theory of the photoelec-
tric effect [24], experimentally demonstrated by Robert Millikan in 1916 [25]. The
second, due to Jan Czochralski, who, in 1918, developed a method to grow silicon
single crystals.
Einstein’s theory was necessary to understand the underlying physics of the pho-
tovoltaic effect, while the invention of the crystal growing technique, called Czochral-
ski process, made it possible to grow bulk single crystals of silicon. This technique
is nowadays the most widely used industrial method for the production of silicon
solar cells. It was in fact with the advent of silicon that PV devices began to show
their real potential.
In 1954, Bell Laboratories produced the first p-n junction silicon solar cell, and
successively, in 1954, developed the first solar battery having an efficiency of about
6% [26] (see Fig. 2.2). Despite the low energy conversion efficiency and short
operation lifetime, this cell can be recognised as the closest device to the modern
solar cells based on single junction semiconductors.
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Figure 2.2: Bell solar battery installed by an engineer in 1954. Image adapted
from [27].
Since then much effort has been made to increase the efficiency of silicon solar
cells, with particular regards to spacecraft applications, but it is only in the last few
decades that PV research has been focused in the energy production for terrestrial
applications.
Today, solar cells are used in everyday life, from calculators to rooftop solar
panels. Thanks to improved designs and new materials development, solar cell
efficiencies have reached values over 40% (see Fig. 2.3). PV research continues
with the goal of bringing the cost down while raising the efficiency to make solar
power a valid alternative energy resource. From the first solar cell developed by
Bell Laboratories to our present, different approaches and technologies have been
developed. Those can be classified into three generations.
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2.1.2 First Generation Solar Cells
First generation solar cells includes single p-n junction solar cells made of c-Si or mul-
ticrystalline silicon (mc-Si). They are the most reliable in terms of stability and effi-
ciency, and to date they retain the dominant share of the PV market (∼90%) [8,10].
c-Si based solar cells demonstrated a energy conversion efficiency of 25.0% for non-
concentrated sunlight, and 27.6% for concentrated sunlight (concentration factor of
92x). Solar cell technology based on mc-Si achieved energy efficiency conversion
of 20.8% (under non-concetrated sunlight), but they have the advantage of a lower
cost production [29]. A chronological evolution of first generation solar cell design
is represented in Fig. 2.4.
(a) (b)
(c)
Figure 2.4: Design evolution of first generation solar cells.a) Space silicon cell design
developed in the early 1960s. b) The “Black” cell (1974). c) The passivated emitter,
rear locally diffused (PERL) cell developed in the 1990s. All images adapted from
[30].
The space silicon cell of Fig. 2.4a was developed in the early 1960s. For over a
decade it was the standard design of a solar cell. The device was composed of a p-n
17
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junction with two metallic contacts placed on top (fingers) and at the bottom of the
cell. The improvement in the design led to the creation of the “Black cell” in 1974
(Fig. 2.4b), and later, in the 1990s, to the passivated emitter rear locally diffused
cell (PERL cell) developed by UNSW (Fig. 2.4c), which took the energy conversion
efficiency above 24%.
First generation solar cell represents the most widely installed technology in the
PV market, and this is due to the well-established silicon manufacturing industry
dominated by the integrated circuit industry. The limitations of first generation
solar cells lie on two main factors. Firstly, the use of a single junction which in-
evitably introduces a constraint on the energy which can be harvested (leading to
the Shockley-Queisser limit). Secondly, the high production cost of the technology,
which reduces the economic competitiveness versus fossil fuels.
2.1.3 Second Generation Solar Cells
The PV market demand for cost reduction has pushed the research towards thin film
technology. Thin film solar cells have the advantage of lowering the manufacturing
cost and provide features like lightness and flexibility, which make them attractive
for either terrestrial or space applications. Nevertheless, they are made of materials
which have a lower efficiency compared to first generation solar cells.
Thin film technology includes solar cells based on copper indium gallium selenide
(CIGS), cadmium telluride (CdTe), amorphous silicon (a-Si) and microcrystalline
silicon (µc-Si) (Fig. 2.5).
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Figure 2.5: Schematic illustration of three different second generation thin film
PV devices. In all three devices, cadmium telluride (CdTe, copper indium gallium
selenide (CIGS) and amorphous silicon (a-Si), the layers are deposited onto a glass
superstrate that allows sunlight to enter through the top layer, the transparent
conducting oxide (TCO). The electrical current and voltage are produced in the
lower layers. Image taken from [31].
Those materials absorb the sunlight much more efficiently than c-Si or mc-Si
allowing the thickness of the active material to be in the range of 1-10 µm. This
represents a considerable saving in terms of used material comparing to a typical
thickness of 160-240 µm of first generation solar cells [32].
The potential of thin film technologies, especially of CIGS and CdTe, is supported
by the record efficiencies values recently achieved. CIGS technology reached 21.7%
efficiency, similar to the 21.5% achieved by CdTe technology, while the highest
efficiency reported for a-Si thin film solar cells is 13.6% (please refer to Figure 2.3
for dates and historical record efficiencies).
In spite of that, PV based on either CIGS or CdTe has been slow to scale up, due
to pending problems related to poor material reproducibility and uniformity over
large areas [33]. Another fundamental issue for both CIGS and CdTe technologies
is the historical absence of symbiosis with a highly profitable integrated circuit
industry [31].
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2.1.4 Third Generation Solar Cells
Third generation PV covers a wide range of technologies. Those include new strate-
gies which aim to increase solar cell efficiencies over the Shockley-Queisser limit,
together with the development of novel inexpensive materials easy to process on a
large scale.
We can divide this category into two subcategories, namely inorganic and or-
ganic. Inorganic third generation technologies have been extensively reviewed in
literature [18,19,34] and include:
• Multijunction cells Different sub-cells are stacked on top of one another,
with each sub-cell converting a specific part of the solar spectrum. Multi-
junction solar cells have been used in space applications for over 20 years,
and are more efficient in comparison to conventional solar cells, but also more
expensive to produce due to lattice mismatch and current matching problems
[20]. A typical design of a multijunction solar cell is shown in Fig. 2.6.
Tunnel junction
Tunnel junction
Bottom contact
Top contact
Antireflective coating
InGaAs (1.4 eV)
InGaP (1.86 eV)
Ge (0.65 eV)
UV/VIS
NIR
IR
Figure 2.6: Schematic of a typical multijunction solar cell. The cell is composed
by three sub-cells having different energy bandgap, each one converting different
regions of the solar spectrum.
• Multiple carrier excitation This phenomenon, also called multiple excition
generation, requires the use of semiconductor quantum dots or nanocrystals.
In those systems the excitation of a charge carrier due to single photon ab-
sorption could generate additional carriers via impact ionisation. The rate of
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impact ionisation could be quite efficient because of the carrier confinement in
a quantum-confined semiconductor. Generating multiple carriers from a sin-
gle photon would improve the performances of a solar cell especially at shorter
wavelength reducing thermalisation losses. Multiple excitons generation was
first demonstrated in 2004 using colloidal PbSe quantum dots [35].
• Intermediate-band cells This strategy consists in the introduction of an
impurity level in the semiconductor bandgap, partially filled with electrons.
Photons with insufficient energy to pump electrons from the valence band to
the conduction band can use this intermediate band as a stepping stone to
generate an electron-hole pair. The intermediate-band solar cell would then
reduce transmission losses and it is designed to provide a large photogenerated
current while maintaining a high output voltage [36].
• Hot carrier The concept underlying a hot carrier solar cell is to slow the rate
of photoexcited carrier cooling, caused by phonon interaction in the lattice, to
allow time for the carriers to be collected whilst they are still at elevated en-
ergies (from here the term “hot electrons”), and thus allowing higher voltages
to be achieved from the cell [37].
• Thermal approaches Thermal approaches include thermophotovoltaics, in
which a narrow bandgap cell is illuminated by the black body radiation of a
hot source at lower temperature than the Sun. Efficiencies can be boosted
by use of a selective emitter that only allows light just above its bandgap to
be incident on the cell, the rest being reflected back to reheat the primary
emitter [38].
• Spectral conversion This approach aims to modify the solar spectrum be-
fore being absorbed by the solar cell such that the photon distribution is con-
centrated to wavelengths where the solar cell performs at its best. The spectral
conversion is a property possessed by rare earth materials, which has already
been used for years in the field of laser development or detection systems.
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Organic solar cell are another research area showing a huge improvement in the
last decade. Their low-cost capacity and recent prototypes showing the ability to
overcome 10% efficiency make them an attractive research topic. Their actual dis-
advantage is mostly on the stability of the organic materials which lower drastically
their lifetime comparing to inorganic technologies [39].
The given picture of the actual PV research can be summarised by the “Best
Research-Cell Efficiencies Chart” (Fig. 2.3) regularly updated by the National Re-
newable Energy Laboratory (NREL).
As can be seen from Fig. 2.3, among third generation PV, multijunction solar
cells are the more promising technology reaching the highest efficiencies. However,
as previously stated, this is a costly technology which could not, at the moment, be
employed for large scale PV.
Moreover, most of the highest efficiencies are achieved by using a concentrating
system, which requires less PV material but at the same time a tracking system has
to be employed to follow the change of Sun position during the day, as well as an
heat-dissipation systems which require additional economical efforts.
Despite the economical factors, the development of new PV devices which can
surpass the actual energy conversion efficiencies is driven by the possibility of over-
coming the limiting factors of current technologies. To identify those limiting factors,
and to emerge with new strategies we need to comprehend much more in detail how
a solar cell works. This is the aim of the next Section.
2.2 Fundamentals of Photovoltaic Solar Cells
In order to understand the physics behind the solar energy production it is easier to
consider separately the properties of the two main elements: the Sun, i.e. the source
of energy, and the solar cell, which absorbs and convert photons into electricity.
The Sun has a broad emission spectrum, which includes photons with energies
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from ultraviolet (UV) to infrared (IR), while a solar cell is characterised by a wave-
length dependent photoresponse spectrum. As introduced in Chapter 1, most of the
factors which limit the energy conversion efficiency of a PV cell originate from the
mismatch of the two spectra.
2.2.1 Solar Spectrum
The solar radiation reaching our planet, before interacting with the atmosphere, can
be roughly approximated with the Plank’s distribution of a black body radiator with
a temperature of about 5800 K. The expression for the spectral radiance Sλ(λ, T )
of a black body at temperature T is defined by Planck’s law:
Sλ(λ, T ) =
8pihc
λ5
1
e
hc
λkT − 1
(2.1)
where h is the Planck’s constant, λ the photon wavelength, c the velocity of light
and k the Boltzmann constant. The resulting emission spectrum, as shown in Fig.
2.7, covers a broad range of wavelengths from UV to IR with the highest peak in
the visible (VIS).
The solar spectrum at sea level is modified by the interaction with the atmo-
sphere, causing absorption by contents like water vapour (H2O), carbon dioxide
(CO2), oxygen (O2), ozone (O3), and also scattering by molecules and aerosol parti-
cles present in the air. Moreover, the overall intensity of the total irradiance changes
along with the optical density of the atmosphere, whose value depends on the illu-
mination conditions.
To take into account different illumination conditions, the zenith angle z, which
is the angle between the normal to the Earth’s surface and the direction to the Sun,
is introduced to define the so called air mass (AM) coefficient:
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Figure 2.7: Comparison of solar spectrum outside Earth’s atmosphere (orange), at
sea level (blue), and the spectral radiance Sλ(λ, T ) of a black body at temperature
5800 K (dotted black line).
AM ≈ L
L0
=
1
cos z
(2.2)
The AM coefficient is defined as the ratio between the atmosphere thickness L0
and the effective path length L through the atmosphere of a sun ray incident with
an zenith angle different from zero. The approximation is due to the fact that there
are other factors which contribute to longer path lengths like the inhomogeneity of
the components. Other definitions exist in literature that provide a more accurate
way to calculate the AM coefficient. The chosen definition, is the simplest and can
be used with a good approximation for z < 75◦.
Figure 2.8 represents the commonly used solar spectra standards in PV, which
are known as AM0, AM1, AM1.5 and AM2. The AM0 corresponds to the solar
spectrum outside of earth’s atmosphere. The spectra AM1, AM1.5 and AM2 refer to
solar spectra at sea level, and accordingly to Eq. 2.2, they correspond to zenith angle
of z=0, 48.2◦, 60◦ respectively. The AM1.5 solar spectrum is particularly relevant
for US and European countries because it corresponds to the average illumination
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conditions at those latitudes.
Figure 2.8: Air mass coefficient dependence on zenith angle. The AM1.5 solar spec-
trum, corresponding to a Zenith angle of 48.2◦, represents the average illumination
for US and European latitudes.
The need to define a standard for solar illumination is important to compare
efficiencies of different solar cells, as factors like spectral distribution and orientation
angles might change considerably the performance of a PV device.
For this reason power conversion efficiencies are measured under standard test
conditions (STC) unless stated otherwise. The STC correspond to an operating
temperature of 25 ◦C under an AM1.5 solar spectrum, whose total irradiance is
1000 Wm−2.
2.2.2 Photon Electron Conversion
The conversion from solar energy to electricity is based on the photoelectric effect, in
which light striking a metallic surface causes the emission of electrons. The energy
required to eject the electrons from an atom is called ionisation energy, and this
is typically higher than 5 eV. The Sun provides photons with energy up to 4.5 eV,
which is less than typical ionisation energies, for this reason semiconductor materials
are employed due to the existence of two electronic states, the bound state (valence
band) and the unbound state (conduction band) separated by an energy bandgap
Eg, whose value can cover order of magnitude of 10
−1 - 10 eV.
The photoelectric effect, in the case of a semiconductor material, allows the
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absorbed photon to promote an electron from the valence band to the conduction
band, providing the photon energy is equal to or higher than Eg. Therefore the
excited electron does not escape outside the material, and can freely move within
the conduction band. At the same time a lack of electron, a hole, is propagating
in the valence band. The negatively charged electron and positively charged hole
tends to recombine after a certain amount of time to restore the equilibrium.
The recombination process needs to be inhibited in order to utilise the photo-
generated carriers for current production. To do so a junction made of same semi-
conductor material doped with an excess of electrons (n-type) and with an excess
of holes (p-type) is created. Silicon for example, which is a member of the group
IV semiconductors, can be doped with a group V or a group III element to create a
n-type or a p-type semiconductor substrate, respectively. Commonly, n-type semi-
conductor is obtained via doping silicon with phosphorus, while for p-type the used
dopant is boron.
When a p-n junction is formed some of the electrons in the n-type region diffuse to
the p-type region and vice versa. The consequent recombination between the diffused
free carriers produces a charge distribution at the interface in which an electric field
is established, known as depletion region. The electric field, or equivalently the
potential barrier in the depletion region, avoid additional electrons diffusing to the
p-region or additional holes diffusing to the n-region.
If a potential difference is applied externally across the junction the potential
barrier at the depletion region is reduced or increased depending on the voltage
polarity, leading to the forward bias or reverse bias case. In presence of forward
biasing the depletion region is reduced and current can flow across it, while in case
of reverse biasing the depletion region is enhanced and the current flow is avoided.
This is the common use of a p-n junction acting as a diode.
In a solar cell instead no voltage is applied externally. Light incident on the top of
the solar cell is absorbed through the cell by silicon atoms generating electron-holes.
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The electron-hole pairs generated in the n-type or p-type regions tend to rapidly
recombine while pairs generated in the depletion region feel the electric field which
separates them creating a flow of electrons towards the n-type region and of holes
towards the p-type region. The flowing carriers are finally collected by the electrodes
placed on the top and on the bottom generating the usable electric current.
2.2.3 Equivalent Circuit of a Photovoltaic Solar Cell
The laws describing the operation of a solar cell can be deduced from the principles
of electric circuits. A generalised model describing the PV solar cell operation can
be developed by using the equivalent circuit schematised in Fig. 2.9.
IL ID Ish
Rsh
Rs
I
V
Figure 2.9: Equivalent circuit of a PV solar cell. A current generator represents the
photogenerated carriers converted from sunligth that are flowing through an ideal
diode (p-n junction). The equivalent circuit also includes a series resistance (Rs)
and shunt resistance (Rsh) representing the internal losses of the solar cell.
The circuit is composed of a direct current source IL, representing the electrons-
holes generated by sunlight absorption, connected in parallel to an ideal diode (rep-
resenting the p-n junction) in which flows a current ID and two dissipative elements,
a series resistance (Rs) and a shunt resistance (Rsh), which relate to losses occurring
in a real device. We call Ish the current flowing through the shunt resistance, while
the current flowing through the series resistance is the output current I.
The losses connected to Rs include current drop through the emitter and base
of the solar cell, contact resistance between the metal contacts and the silicon, and
the resistance of the top and rear metal contacts. Instead, Rsh represents losses due
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to presence of defects in the device causing primarily a drop in voltage output.
To solve the equivalent circuit of Fig. 2.9 we first consider the current flow in
the ideal diode ID. This is given by the Shockley equation:
ID = I0(e
q(V+IRs)
kT − 1), (2.3)
where I is the current delivered by the cell, q the electron charge, k the Boltzmann
constant, T the operating temperature of the cell, I0 the diode saturation current
and V the potential difference at the terminals of the circuit.
Always referring to the equivalent circuit, it is possible to relate the different
currents in each closed loop using Kirchhoff’s circuit law. It results that
I = IL − ID − Ish. (2.4)
Finally, combining Eq. 2.3 and Eq. 2.4, and knowing that Ish =
V+IRs
Rsh
, the
implicit form of the current delivered by the solar cell can be derived:
I = IL − I0(e
q(V+IRs)
kT − 1)− V + IRs
Rsh
. (2.5)
The analytical solution for the output current defined implicitly in Eq.2.5 de-
pends on the values of Rsh and Rs, which are never known unless the solar cell is
tested experimentally. The equation can also be numerically solved so to obtain a
solution for the current in the explicit form I(V ).
The resulting current-voltage curve is closely related to the diode characteristic
curve, with a negative offset introduced by the injected photogenerated electrons
(IL) while the cell is illuminated (see Fig. 2.10).
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Figure 2.10: V -I curve comparison between an ideal diode (solid line) and an il-
luminated solar cell (dotted line). The vertical shift is due to the presence of the
current IL connected to the photogenerated electron-hole pairs.
As the solar cell is used as a battery, and hence representing a voltage source,
the corresponding graph in the IV quadrant of Fig. 2.10 is flipped on the x-axis.
The resulting characteristic V -I curve is shown in Fig. 2.11.
Isc
I = 1Rload · V
Voc
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Figure 2.11: V -I curve characteristic of a PV solar cell intersecting the linear V -I
curve of a load resistance (Rload), whose slope is proportional to
1
Rload
. The intersec-
tion between the two curves is called the solar cell’s operating point.
The two main points that can be extrapolated from a V -I curve are the short
circuit current (Isc), and the open circuit voltage (Voc). They correspond to the
current at V = 0 (short-circuit configuration) and to the voltage at I = 0 (open-
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circuit configuration), respectively.
The V -I curve characteristic of a solar cell can be obtained experimentally and it
represents the way of calculating many important parameters like the power conver-
sion efficiency. The experimental determination of the V -I curve is done illuminating
the cell using the STC parameters and connecting it to a variable load (Rload). As
shown in Fig. 2.11, the operating point, i.e. the point at which the cell is operating
while connected to Rload, results from the intersection between the load line, defined
by I = V
Rload
and the V -I characteristic curve of the solar cell.
2.2.4 Power Conversion Efficiency
The output power Pout can be obtained multiplying the output voltage V by the
output current I:
Pout = V · I (2.6)
Figure 2.12: Output current (dashed red) and output power (black solid) of a solar
cell. The current and voltage values Imax and Vmax corresponding to the maximum
output power Pmax have been highlighted.
Fig. 2.12 shows that the output power has a maximum value (Pmax) correspond-
ing to specific current and voltage values indicated as Vmax and Imax. Those values
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are associated with an optimal load for which the solar cell power output is max-
imised. Pmax divided the incoming power Pin, calculated from the solar irradiance
by the cell surface, gives the maximum power efficiency, ηmax, of the cell:
ηmax =
Pmax
Pin
=
ImaxVmax
Pin
(2.7)
Another useful parameter is the fill factor (FF ) defined by:
FF =
ImaxVmax
IscVoc
(2.8)
This is equivalent to the ratio between Pmax and the maximum theoretically
achievable by an ideal cell. The FF is a measure of the quality of the cell. High
values of Rs, or low values of Rsh will decrease the FF value. An ideal cell has a
FF equal to 1.
2.2.5 The Shockley-Queisser Detailed Balance Limit
In the previous subsection we showed that the two more important parameters are
the short circuit current Isc, or equivalently the short-circuit current density Jsc (Isc
divided by the illuminated area of the cell) and the open circuit voltage Voc. In a
single junction solar cell those values depend essentially from the energy bandgap
Eg because it controls the amount of sunlight photons that can be absorbed by the
cell (proportional to Jsc), and at the same time determines the energy at which the
electron are collected (proportional to Voc).
Low values of Eg will increase the amount of Jsc and decrease the Voc, while
the opposite will happen increasing Eg. Therefore, because the efficiency conversion
is proportional to the product JscVoc, it is expected that there exists an optimal
bandgap with maximum electric power output.
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In 1961, a theoretical study performed by Shockley and Queisser [13] investigated
the problem of finding the highest power conversion efficiency that a single junction
solar cell can achieve as a function of the energy bandgap Eg.
Their calculation found that the efficiency of an ideal solar cell based on single
junction semiconductor technology is limited to about 33%. Here we present the
derivation of this limit in order to understand in a quantitative way where the limi-
tations come from and also why silicon technology is so far the most commercialised.
The Shockley-Queisser’s model is based on the detailed balance principle, in
which every elementary process considered is balanced by its reverse process. We
here follow the logic and derivation presented in [40].
In Shockley-Queisser’s work the following assumptions were made:
(i) The probability of an absorbed photon to produce a electron-hole pair is zero
if the photon energy Eph < Eg, while its equal to one if Eph ≥ Eg.
(ii) All photogenerated charge carriers thermalise at the conduction band edge.
(iii) The probability to collect the photogenerated carries in short circuit mode is
equal to one.
(iv) The only loss mechanism additional to the non absorption of sub-bandgap
photons, and thermalisation losses is the spontaneous emission due to the
electron-hole pairs recombination.
Due to assumption (iii), the maximum available short-circuit current density
Jsc,SQ is directly proportional to the number of solar photons absorbed by the solar
cell, integrated over all photon energies:
Jsc,SQ = q
∞∫
0
A(E)Φinc(E) dE = q
∞∫
Eg
Φinc(E) dE, (2.9)
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where q is the electron charge, A(E) the photon absorption spectrum of the
solar cell, and Φinc(E) the total flux of incident photons. The integration interval
has been transformed from [0,∞] to [Eg,∞] due to assumption (i), from which it is
assumed A(E) equal to zero for Eph < Eg and A(E) equal to 1 for Eph ≥ Eg.
In this case Φinc is calculated using the solar spectrum AM1.5, while in their
original work Shockley and Queisser used the spectrum of a blackbody at tempera-
ture 6000 K. In this way it is possible to plot Jsc as a function of the energy bandgap
Eg as reported in Fig.2.13
Figure 2.13: Short-circuit current density Jsc versus the energy bandgap Eg. Image
adapted from [40].
Let us consider the solar cell in the dark being in equilibrium with the sur-
rounding environment at temperature T . According to Kirchoff’s law of thermal
radiation, the emissivity Φem of the solar cell due to electron-hole recombination,
and the absorption of the outer blackbody radiation A(E)Φbb(E, T ) has to be equal:
Φem = A(E)Φbb(E, T ) (2.10)
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When a potential difference V is applied to the solar cell, from Wurfel’s gen-
eralisation of Kirchoff’s law [41], we can write the recombination current density
Jrec,SQ(V ) as follows:
Jrec,SQ(V ) = q
∞∫
0
A(E)Φbb(E, T ) exp
(
qV
kT
)
dE = q
∞∫
Eg
Φbb(E, T ) exp
(
qV
kT
)
dE.
(2.11)
Again, the second passage follows from assuming A(E) as a step-function with
a cut-off value defined by the bandgap Eg. Equation 2.11 represents the current
density due only to pair’s recombination when the solar cell is not illuminated.
The general expression of J(V ) is finally calculated considering both the contri-
bution of Jsc,SQ and Jrec,SQ. It results then:
J(V ) = Jrec,SQ(V )− Jsc,SQ = q
∞∫
Eg
Φbb(E) dE exp
(
qV
kT
)
− q
∞∫
Eg
Φinc(E) dE (2.12)
In the general case Φinc can be written as the sum of the flux of solar photons
Φsun and the one deriving from the environment at temperature T, indicated by Φbb.
Φinc = Φsun + Φbb (2.13)
Substituting Eq. 2.13 in Eq. 2.12 we obtain
J(V ) = q
∞∫
Eg
Φbb(E) dE
[
exp
(
qV
kT
)
− 1
]
− q
∞∫
Eg
Φsun(E) dE. (2.14)
The last expression represents the typical diode equation for current density
with the additional contribution of the photogenerated current density. Considering
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three different values of Eg = 0.8, Eg = 1.4, Eg = 2.0 eV we obtain the J-V curve
characteristic represented in Fig. 2.14.
Figure 2.14: J-V curve for different bandgap energies Eg = 0.8 eV (solid line), Eg
= 1.4 eV (dashed line) and Eg = 2.0 eV (dotted line). Image adapted from [40].
Evaluating Eq. 2.14 at J = 0 we also find the open-circuit voltage Voc resulting:
Voc =
kT
q
ln

∞∫
Eg
Φsun(E) dE
∞∫
Eg
Φbb(E) dE
+ 1
 = kTq ln
(
Jsc,SQ
J0,SQ
+ 1
)
(2.15)
J0,SQ indicates the saturation current in the limit of Shockley-Queisser, namely
the smallest possible current provided by the bandgap energy of the semiconductor.
Finally, we can calculate the output power multiplying V by J(V ). Its maximum
value divided the incoming power, associated with the solar flux, corresponds to the
maximum power conversion efficiency ηmax:
ηmax =
max |J(V ) · V |
Pinc
=
max |J(V )V |
∞∫
Eg
EΦsun(E) dE
. (2.16)
Figure 2.15 shows both Voc(Eg) and η(Eg) dependence with respect to the energy
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bandgap Eg. It is found that the efficiency limit has its maximum at around 33% for
energy bandgaps in the range of 1.1< Eg <1.4. This value slightly differs from the
one of Shockley-Queisser because here it has been considered for the solar spectrum
the modern standard AM1.5 instead of a blackbody emission.
Figure 2.15: (a) Open-circuit voltage Voc and (b) power conversion efficiency η versus
energy bandgap Eg. Images adapted from [40].
c-Si, with a bandgap of 1.1 eV, shows its advantage for being employed in single
junction solar cells. At the same time 33% efficiency for an ideal device, as modelled
in this analysis, represents a significant limitation. Overcoming this limit is the
main challenge of current PV research.
2.3 Theory of Rare Earths Doped Luminescent Materials
2.3.1 Overview on Rare Earths Elements
Rare earths is the name given to those elements with an atomic number between 57
and 71. Despite the name, those elements are not rare at all, as their abundance is
comparable with commonly used metals like copper, zinc, lead and nickel.
Their electronic configuration is the same of Xenon noble gas (1s2 2s2 2p6 3s2
3p6 3d10 4s2 4p6 4d10 5s2 5p6) plus two electrons in the 6s shell, one in the 5d shell
(not for all elements) and the partially filled 4f shell.
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In Table 2.1 the rare earths elements are listed together with their symbol, atomic
number Z, the electronic configuration for the atomic state, for the trivalent rare
earth (RE3+) ion state (oxidation number +3) and their abundances.
Table 2.1: Rare earths elements. [Xe] is the configuration of xenon:
1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d10 5s2 5p6. 1Data taken from [42]
Name Symbol Z Electronic configuration Abundances1
0 +3 (ppm)
Lanthanum La 57 [Xe]5d1 6s2 [Xe] 4f0 30
Cerium Ce 58 [Xe]4f1 5d1 6s2 [Xe] 4f1 60
Praseodymium Pr 59 [Xe]4f3 6s2 [Xe] 4f2 8.2
Neodymium Nd 60 [Xe]4f4 6s2 [Xe] 4f3 28
Promethium Pm 61 [Xe]4f5 6s2 [Xe] 4f2 -
Samarium Sm 62 [Xe]4f6 6s2 [Xe] 4f4 6
Europium Eu 63 [Xe]4f7 6s2 [Xe] 4f5 1.2
Gadolinium Gd 64 [Xe]4f7 5d1 6s2 [Xe] 4f6 5.4
Terbium Tb 65 [Xe]4f9 6s2 [Xe] 4f7 0.9
Dysprosium Dy 66 [Xe]4f10 6s2 [Xe] 4f8 3
Holmium Ho 67 [Xe]4f11 6s2 [Xe] 4f9 1.2
Erbium Er 68 [Xe]4f12 6s2 [Xe] 4f10 2.8
Thulium Tm 69 [Xe]4f13 6s2 [Xe] 4f11 0.48
Ytterbium Yb 70 [Xe]4f14 6s2 [Xe] 4f12 3
Lutetium Lu 71 [Xe]4f14 5d1 6s2 [Xe] 4f13 0.5
Doping of glasses or crystals with rare earths elements are commonly used due
to their unique luminescent properties. When a rare earth element is incorporated
as a dopant in a crystalline matrix it loses two electrons in the 6s shell and one
electron in the 5d shell, or in case this is not present, one electron is lost from the
4f shell.
It results under the form of RE3+, having the incomplete 4f shell acting as the va-
lence band, surrounded by the filled 5s and 5p shells (see Fig. 2.16). Some ions may
assume a bivalent form, like europium, samarium or ytterbium, or a quadrivalent
form, like cerium and terbium.
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Figure 2.16: Schematic of the electronic configuration of a trivalent rare earth ion.
The unfilled 4f valence shell lies between the core electrons and the outer (filled)
shell 5s25p6. Each rare earth element is characterised by the different number of
electrons populating the 4f shell.
As an example, Fig. 2.17 shows the spatial distribution of the outer shells of a
Gd+ is shown as a result of a Hartree-Fock calculus made by Freeman and Watson
[43]. For a RE3+ ion the 6s shell is empty and the spatial distribution peaks relating
to the 5s and 5p shells would be shifted to longer distances with respect to the 4f
shell.
The outer shells surrounding the 4f valence electrons produce a shielding effect,
which reduces the strength of external electromagnetic interactions, in particular
those of the crystal field which act on the 4f electrons as an external perturbation.
The small entity of the perturbation of the crystal field determines a symmetry
breakdown on the system, whose effect is to modify the selection rules regulating
the transitions between different quantum states. Specifically, transitions involving
electrons belonging to the same shell (4f →4f), which are generally avoided by the
selection rules, are instead possible in this particular case.
The 4f →4f transitions, covering a broad range of spectral region, that goes
from vacuum ultraviolet (VUV) to IR, are responsible for the distinctive optical
properties of rare earth doped materials. One of the most interesting property is
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the ability to act as spectral converter, which is the phenomenon of interest in this
thesis.
Figure 2.17: Radial distribution function (density vs distance) of 4f, 5s, 5p and 6s
shell for a Gd+ ion. Image taken from [43].
From a spectroscopy point of view, absorption and emission spectra of this class
of materials result in well defined narrow lines, and for this reason rare earths are
generally referred to have atomic-like spectra due to their similarity with those of
free atoms or molecules.
2.3.2 Energy Levels of Rare Earth Doped Materials
The theory describing the energy levels of rare earths doped materials, based on
quantum calculations, has been developed originally by Judd and Ofelt in their
separate works published in 1962 [44,45].
In this section we are not presenting the full theory, as it is out of the scope of this
thesis. Instead, we summarise the fundamentals of the quantum theory explaining
the origin of the atomic-like energy levels, and of the energy transfer mechanisms
responsible for the spectral conversion properties.
We begin by considering a RE3+ ion as an isolated system having no interactions
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with the external environment. This the case of the so-called free-ion model. The N
valence electrons (belonging to the 4f shell) of a free-ion feel each other through the
electron-electron coulomb interaction Vee and the electron spin-orbital interaction
Vso. Moreover, they are attracted by the positive nuclear charge through the nucleus-
electron coulomb interaction Ven.
The resulting eigenvalue problem, describing the wave function Ψ(φ, χ) of the 4f
shell is
HΨ(φ, χ) = EΨ(φ, χ) (2.17)
H is the Hamiltonian describing a system of N electrons and can be written as
H = Te + Ven + Vee + Vso (2.18)
where Te is the kinetic energy of the N electrons. The explicit form of the
Hamiltonian can be written as follow:
H = − h¯
2
2m
N∑
i=1
∇2i −
N∑
i=1
Ze2
ri
+
N∑
i<j
e2
rij
+
N∑
i=1
ζ(ri)si · li (2.19)
where N = 1, . . . , 14 is the corresponding number of valence electron in the 4f
shell, e and m are the charge and mass of the electron, ri is the radial coordinate
of the i-th electron, rij is the distance |ri − rj| between the i-th and j-th electrons,
Z is the nucleus charge, si and li are the spin and angular momentum of the i-th
electron, and ζ(ri) represents the spin-orbital coupling function defined as:
ζ(ri) =
h¯2
2m2c2ri
dU(ri)
dri
(2.20)
with U(ri) being the potential felt by the i
th electron and c is the velocity of
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light.
The first two terms of Eq. 2.19 have spherical symmetry, and hence are unable
to solve any degeneration. The other two terms, Vee and Vso, are instead the one
responsible for the level split of the energy levels relative to the 4f electrons. To
solve Eq. 2.19 different strategies can be used depending on the particular case of
study. Three possibilities can be considered:
• Vee  Vso (Russell-Saunders coupling or LS coupling)
• Vee  Vso (j-j coupling)
• Vee ∼ Vso (intermediate coupling)
The third case, i.e. the intermediate coupling, is the one which is valid for a rare
earth element. The method to solve this kind of problem is to consider the reduced
hamiltonian H1, in which only the two potentials Vee and Vso are taken into account:
H1 = Vee + Vso. (2.21)
By choosing an appropriate set of functions, called Russell-Saunders eigenfunc-
tions it is possible to diagonalise H1 providing a set of solutions for the configuration
of the N electrons in the 4f shell characterised by the quantum number of the angular
momentum J .
Those J-states are degenerate states which can be associated to a linear combi-
nation of different L (quantum number associated to the orbital angular momentum)
and S (quantum number associated to the spin angular momentum).
Coulomb interaction gives rise to terms characterised by S and L. A further
splitting is caused by the spin-orbit interaction and leads to the 2S+1LJ multiplet.
In principle, when a rare earth ion replaces a site in a crystalline matrix the
free-ion model is not valid any more, as the nuclear charges of the host produce the
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additional crystal field acting on the system. However, due to the shielding effect
of the outer shells it is possible to use the free-ion model considering the crystal
field a small external perturbation. Thus, Eq. 2.19 can be solved further using the
perturbation theory.
Finally the effect of the crystal field solve another degeneracy giving rise to the
Stark levels. The level splitting leading to the formation of the excited levels in rare
earths elements is summarised in Fig. 2.18.
4fN
4f(N−1) 5d
(2S+1)LJ
(2S+1)L
H0= central field Hc= Coulomb field HSO= spin orbit V0= crystal field
Split = 104 cm−1
Split = 103 cm−1
Split = 102 cm−1
Stark levels
Figure 2.18: Schematic of the atomic interactions causing the 4f manifold splitting.
The Coulomb interaction produces a split of order 104 cm−1, while the spin-
orbital interaction determines a level split in the order of 103 cm−1. Finally, the
Stark split caused by the crystal field is of the order of 102 cm−1. The energy
levels for all different rare earths were measured by Dieke et al. considering a doped
lanthanum chloride (LaCl3) crystal [46]. They are summarised in Fig. 2.19 in what
is generally referred to the Dieke energy level diagram.
The energy splitting slightly differs depending on the different host in which the
rare earth is incorporated, but the dominant spectral features remain unchanged.
42
Chapter 2: Photonic Materials for Photovoltaics Applications
Figure 2.19: Dieke energy level diagram. Image taken from [46]
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The more general form to label each level is represented by the following form:
2S+1LJ
FInally, the Stark splitting is given by the degeneracy 2J + 1 for integer values
of J , or J + 1
2
for half-integer values of J .
2.3.3 Energy Transfer Processes
In this section we will treat the interactions occurring between different rare earth
ions in a host matrix. An ion can absorb energy from external factors like thermal
radiation or light interaction. Due to the discrete energy level structure of rare
earths, the absorption of an incident photon will occur only if the energy carried
by the photon equalise the energy difference of the transition involved. The excited
state will last for a limited amount of time, which in rare-earths can be in the order
of few ms, before decaying back to the ground state, either emitting one or more
photons (radiative decay) or without emitting any photon (non-radiative decay).
When the released energy is equal or lower than the incident radiation, the
process is called Stokes process, while the emission of higher energy with respect
to the one possessed by the incident photon is called Anti-Stokes process. Anti-
Stokes processes are commonly observed in nature when the excess of energy above
the excitation states is supplied by thermal population by few kT , like the well-
known side bands in Raman effect. Anti-Stokes processes involving energy in excess
of 10-100 times kT are also possible but require at least two excited ions to be
considered. This is the case for rare earths materials, in which two or more excited
ions can transfer their energy because of their proximity, easily leading to Anti-
Stokes emission under moderate excitation density conditions.
The possible energy transfer mechanisms between rare earths ions have been
extensively reviewed by Auzel [47]. We can differentiate between four kinds of
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energy transfer:
a) Resonant radiative transfer
b) Resonant non-radiative transfer
c) Phonon-assisted energy transfer
d) Cross-relaxation
Considering a simple case of two ions, one excited, the donor ion (D), and one
in its ground state, the acceptor ion (A), we can describe the four mentioned energy
transfer mechanisms as schematised in Fig. 2.20.
D A
Resonant
radiative
transfer
D A
Resonant
non-radiative
transfer
D A
ǫ
D=A A
Cross
relaxation
hν
Phonon assisted
non-radiative
transfer
a) b) c) d)
Figure 2.20: Energy transfer mechanisms.
In Fig. 2.20(a) the donor ion decays radiatively to the ground state emitting a
photon of energy hν, which is then absorbed by the acceptor ion. Figure 2.20(b)
is a similar situation but in this case no emitted photons are involved. The energy
transfer occurs within a nearby ion and it is possible because of the resonant condi-
tion. The non resonant case (Fig. 2.20(c)) is only possible if the energy mismatch 
is provided by exchange of phonon energy. Lastly, Fig. 2.20(d) represents the cross
relaxation energy transfer mechanism involving three energy levels, and in which
both the donor and acceptor ions result in a final excited intermediate state.
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2.3.4 Downconversion and Upconversion Mechanisms
DC via energy transfer is a direct consequence of the cross relaxation mechanism
described in Fig. 2.20(d). As shown in Fig. 2.21, an external photon excites the
donor ion to the excited level with energy E2. The cross relaxation produces then a
final state with both donor and acceptor ion in the first excited level. Finally, two
photons with energy E1 are emitted from both ions.
D A D AD A
Energy transfer
One-photon
excitation
Two-photons
emission
E0
E1
E2
Figure 2.21: Downconversion mechanism via cross-relaxation.
Hence, the DC requires only one ion to be excited for the process to happen. In
the case of UC both ions need to be in an excited state. UC requires two photons
to be absorbed by the acceptor and donor ions. The following energy transfer from
the donor to the acceptor brings the donor at its ground state and the acceptor to
a higher excited level. The result is the emission of a single photon of energy higher
than the incident one. This process, which is also known as ETU is schematised in
Fig. 2.22.
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Figure 2.22: Schematic of the upconversion mechanism.
This process requires that the level E1 and level E2 are resonant, i.e. E1−E2 ∼ ,
with  representing the mismatch energy, but phonons within the crystal can assist
the transition providing the necessary energy to create the resonance conditions
(see section 2.3.5). Both DC and UC can occur also following different mechanism
than the one presented. Those mentioned and schematised in Fig.2.21 and Fig.
2.22 are those whose efficiency is higher. Figure 2.23 summarises other two-photon
upconversion mechanisms which can happen in a RE3+ ion.
η = 10−5 η = 10−6 η = 10−8 η = 10−11 η = 10−13η = 10−3
(b) (c) (d) (e) (f)(a)
Figure 2.23: Two photons upconversion mechanisms. Two photons upconversion
mechanisms: (a) ETU, (b) two-steps absorption, (c) cooperative sensitisation, (d)
cooperative luminescence, (e) second harmonic generation, (f) two-photon absorp-
tion excitation.
For each case presented in Fig. 2.23, the opposite processes, defines the alter-
native DC mechanisms. If A and D represent two different types of ions, e.g. in
the case of co-doped rare earth material, an energy transfer from one excited A ion
to two D ions may occur under resonant condition without the need of an existing
intermediate level.
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This type of process is known as a second-order downconversion which is part of
a more general class of phenomena called CET. [48]
CET also includes a particular UC process named cooperative sensitisation,
which is the inverse process in which two donor ions transfer their energy to one
acceptor ion resulting an emission of an higher energy photon.
2.3.5 Multiphonon Relaxation
In solid state physics, in presence of a crystalline structure the concept of phonon
is introduced. A phonon is the quasi-particle associated to the vibrational modes of
the crystal. Each vibrational mode corresponds to the collective movement of the
atoms or molecules composing the crystalline structure. In-phase movements are
named acoustic phonons, while out-of-phase movements are named optical phonons.
The order of magnitude of the energy carried by a single optical phonon depends
on the crystalline matrix but it typically varies between 200-1000 cm−1, i.e. be-
longing to the infrared electromagnetic spectrum. For this reason a crystal at room
temperature is exposed to phonon transitions. In particular, in the case of rare
earths doped materials, phonons can help fulfil the resonance conditions required
by the energy transfer mechanisms. Another phenomenon in which phonons are
involved is the non-radiative multiphonon relaxation between two energy levels.
An electron in an excited state can relax to the lower state without emitting
a photon if the energy difference ∆E is sufficiently low to be balanced by the en-
ergy associated with the phonons in the crystal. The number of phonons which
may be involved is temperature dependent, and generally for a room temperature
environment there may be up to six phonons involved.
A simplified model to calculate the transition rate of non-radiative multiphonon
relaxation is presented. Let us consider a multiphonon relaxation from an excited
level involving pi phonons correspondent to the i
th normal mode. Hence all the pi
48
Chapter 2: Photonic Materials for Photovoltaics Applications
phonons possess the same amount of energy. The non-radiative transition rate WNR
is temperature dependent, and it is inversely proportional to the lifetime τ of the
excited level. It results:
WNR(T ) = W0(ni + 1)
pi (2.22)
where ni is the occupational number of the i
th mode and W0 is the spontaneous
transition rate when the temperature is 0 K. Therefore WNR(T ) is an increasing
function with the temperature, as ni increases at higher temperature. Moreover,
each phonon is associated with an energy h¯ωi, where ωi is the phonon frequency,
and if we consider a non-radiative transition between two levels separated by an
energy ∆E in which pi phonons are contributing to it, it follows:
∆E = pih¯ωi. (2.23)
Considering for ni a distribution which follows the Bose-Einstein statistics we
obtain:
ni =
1
e
h¯ωi
kT − 1
(2.24)
and replacing this in 2.22 we finally obtain the following expression for WNR(T ):
WNR(T ) = W0
(
e
h¯ωi
kT
e
h¯ωi
kT − 1
)pi
. (2.25)
Lastly, we have to consider the fact that the affected levels in the transition
in a rare earth ion are the Stark levels which will be populated following a Boltz-
mann statistics. Taking into account this additional contribution, we can write the
expression for WNR(T ) as following:
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WNR(T ) =
∑
iW
NR
i (T )gie
−∆i
kT∑
i gie
−∆i
kT
(2.26)
where WNRi (T ) is the non-radiative decay rate corresponding to the i
th level
having a degeneration gi and an energy separation ∆i from the lower level of the
manifold. The resulting trend depending on the temperature and the number of
phonons is shown in Fig. 2.24.
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Figure 2.24: Non-radiative multiphonon transition rate dependence on the temper-
ature.
It results that the non-radiative multiphonon relaxation rate is highly dependent
on the order of the process, i.e. on the number of phonons involved. Multiphonon
relaxation is one cause which decreases the fluorescence intensity. The choice of
materials with low phonon energies is required to avoid those losses affecting the
luminescence properties and their performances, especially when measurements are
taken at room temperature as in our case.
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2.4 Beyond the Shockley-Queisser Limit
As described in section 2.2.5, a silicon based single junction PV device could reach
an efficiency no higher than 33%. This limitation is mainly due to thermalisation
and transparency losses (see Fig. 1.2). One of the methods which could reduce
those loss mechanisms is to use spectral converters, like rare earth doped materials,
whose luminescent properties have been presented in section 2.3. In this section we
show how to harvest the luminescent properties of rare earth to design a spectral
conversion enhanced PV device which can, in principle, overcome the limit imposed
by Shockley and Queisser.
2.4.1 Downconversion and Upconversion Enhanced PV Devices
Instead of considering the device presented in Fig. 1.5 in which the downconverter
and upconverted layers were integrated together with a bifacial solar cell, in liter-
ature it is common to consider two separated devices: the upconversion enhanced
photovoltaic device (UC-PV) device and the downconversion enhanced photovoltaic
device (DC-PV) device. Figure 2.25 shows the two devices, DC-PV device coupled
to a silicon solar cell, and the UC-PV coupled to a bifacial silicon solar cell.
Figure 2.25: Downconversion and Upconversion Enhanced PV Devices.
The upper limits efficiencies presented in the next section will refer to the analysis
on the two separated devices.
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2.4.1.1 DC-PV device efficiency limit
Trupke et al. firstly investigated the theoretical efficiency limit of a DC-PV device
considering a downconverter luminescent layer placed on the front or on the rear of
a solar cell. The study was based on a detailed principle analysis in accordance to
what was done by Shockley and Queisser for the case of a bare solar cell [13].
However, in Trupke’s analysis it was assumed that the downconverter only ab-
sorbs photons with energy higher than 2Eg, generating two pairs for each absorption,
while the solar cell absorbs only photons between the bandgap Eg and 2Eg. The
last assumption can be used in the case of the geometry with the downconverter
on the front, but it does not apply to the case of the downconverter placed on the
rear surface, as silicon solar cell absorption at energies higher than 2Eg is quite im-
portant. For this reason Trupke suggested that the geometry with a downconverter
on the rear side can be realised using dye sensitised solar cells [49]. The analysis
conducted by Trupke stated that a PV device made of a downconverter layer on
the top of a solar cell has an efficiency limit of 38.6%. It also was shown that this
efficiency limit can be reached providing the downconverter material and the solar
cell have the same refractive index of n = 3.6, in order to increase the collection of
DC luminescence towards the solar cell.
A more elaborate model in which both cell and downconverter refractive index
are considered has been discussed by Badescu et al. [50]. In their study, the reflection
losses introduced by considering the refractive index lowered the efficiency of the bare
silicon solar cell (n = 3.6, Eg = 1.1eV ) to 21%, which is then increased up to 26%
if a downconverter layer is placed on top of the solar cell. The case considered by
Badescu et al. does not take into consideration any possible improvement provided
by antireflecting layer or light trapping. This is the reason behind the reduced
performances of the DC-PV device analysed in terms of absolute efficiencies.
The effects of those possible improvements were accounted for by De Vos et
al. [51] who found the effect of light trapping between the DC layer and the solar
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cell might increase the limit energy conversion efficiency up to 35%.
A further calculation made by Abrams et al. [52] considered a layer of DC
nanoparticles placed on top of a solar cell. In their model, the way light by the
DC nanoparticles is emitted is controlled by varying a geometrical parameter A,
whose value is A = 0.5 for isotropic emission and A = 1 for directional emission (in
that case corresponding to all photons emitted towards the solar cell). In the ideal
case of directional emission (A = 1) the efficiency limit of the DC-PV device was
calculated to be around 34%, while the calculation of the bare solar cell (assumed
to have a refractive index equal to 4) was 27.7%. Instead, no net gain resulted for
isotropic emission (A = 0.5). An additional result from Abrams’ analysis [52], which
was also treated in Badescu’s work [50], was to demonstrate how the strong influ-
ence of non-radiative losses on the DC process could remove the benefits of using a
DC-PV device.
2.4.1.2 UC-PV device efficiency limit
Also for the case of a UC-PV device the first calculation of an upper efficiency
limit was done by Trupke et al. [49]. They considered a detailed balance analysis
in which the upconverter acts as a light emitting diode absorbing light above two
energy bandgaps with lower values than the solar cell bandgap and emitting light
above the energy bandgap of the solar cell. The calculated upper limit was 40.2%
for the silicon solar cell case and for an AM1.5 solar spectrum.
Badescu [53] reviewed the previous model considering the effect of non radiative
recombination in both solar cell and upconverter, plus the effect of their refractive
index. He showed that the refractive index has a huge impact on the final efficiency
of an UC-PV device, which in some cases can also cancel the beneficial effects of the
upconverter.
Atre and Dionne [54] performed a more realistic analysis accounting for non-ideal
absorption and radiative recombination in the solar cell and nonradiative relaxation
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within the upconverter. Their results indicated that the efficiencies of both conven-
tional PV cells can be substantially improved using upconverting materials, even
including non-idealities.
Johnson and Conibeer [55] revised the detailed balance model describing the UC-
PV device for the specific case of a c-Si solar cell under the AM1.5G solar spectrum.
They found that the limiting efficiency of an ideal solar cell with a band gap of
1.117eV may be increased from approximately 33% to 40% with ideal up-conversion.
Brigggs et al. [56] considered a highly realistic narrow-band, non unity quantum
yield upconverter, showing that based on existing rare earth-based upconverters, the
UC-PV device efficiency will not improve more than 1%. However, their calculations
showed that these upconverters can significantly increase cell efficiencies from 28%
to over 34% with improved quantum yield, despite their narrow bandwidths.
Finally, Johnson et al. [57] expanded their generalised UC enhanced silicon solar
cell model to a more specific model in which the upconverter is an erbium doped
phosphor. The modifications considered resulted in a maximum relative enhance-
ment of about 7%. It would corresponds to an absolute increase from 28% to 30%
in cell efficiency, which is lower than what stated by Briggs et al. [56].
2% absolute increase in solar cell efficiency would represents a big achievement in
the framework of PV technologies. However, in order to reach that stage much work
needs to be done in increasing the photoluminescent quantum yield of the rare-earth
based DC and UC materials.
The following chapters will present the experimental work that I have done in
order to understand what are the optical losses limiting the performances of this
class of materials (Chapter 4 and 5).
Making use of this acquired knowledge, I will show, in Chapter 6, how it was
possible to reach one the highest photoluminescence quantum yield ever reported
for a specific upconverter material at the time of publication of this thesis.
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Materials and Methods
This chapter is dedicated to the description of the methodology used to synthesise and
to optically characterise the upconverter and downconverter materials, whose results
are presented in the following chapters. Cerium/ytterbium co-doped borate glasses
were investigated as a downconverter material, and an erbium doped BaY2F8 crystal
has been studied as an upconverter material. The two materials have been grown by
two different collaborator groups. The borate glasses were synthesised by our collab-
orators at the State Key Laboratory of Structural Chemistry, Chinese Academy of
Sciences, in Fuzhou, China, while the BaY2F8 crystals were made by our collabora-
tors at Physics Department Laboratories, University of Pisa, Italy. Those samples
were optically characterised in our laboratory at Heriot-Watt University. The char-
acterisation methods, which will be described in this chapter include absorption,
photoluminescence excitation and photoluminescence quantum yield.
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3.1 Material Synthesis Methods
As previously mentioned, the rare earth doping process consists of the substitution of
one or more sites in the host material, which can be either crystalline or amorphous.
The rare earth doping level is defined as the percentage of doped atoms or moles
with respect to the total number within the host. In this case we will refer to atomic
or molar concentration indicated by %at or %mol, respectively. Alternatively, the
doping level can be expressed as density of ions, i.e. the number of doped ions per
unit of volume, consequently the unit of measure is cm−3.
3.1.1 Ce3+/Yb3+ Co-Doped Borate Glass
Borate glasses [70B2O3-7BaO-8CaO-(15-x)La2O3] co-doped with Ce
3+/Yb3+ were
prepared using the melt-quenching method. The mixture of pulverised crystalline
raw materials is placed in a crucible to be fused into a viscous liquid at a temperature
of about 1250 K. The melt is then cooled very slowly and casted into a mold. The
glass is usually annealed at a temperature slightly higher than the glass transition, to
remove any thermal stress developed during the forming process [58]. This method
has the advantage of obtaining materials which are very large in size.
Figure 3.1: Ce3+/Yb3+ Co-Doped borate glass.
The Ce3+ concentration was fixed to 0.5 %mol, while different Yb3+ concen-
trations 1%, 2%, 5%, and 10% were prepared, as described in [59]. An un-doped
borate glass sample was also fabricated to be used as a reference sample. The glass
samples were polished down to dimensions of 20 mm x 20 mm x 2.2 mm. Seven
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smaller samples (6 mm x 6 mm) were cut from the 0.5%Ce3+/1%Yb3+ glass sample
(see Fig. 3.1 and each one was optically polished to different thicknesses (refer to
Section 3.1.3) ranging from 0.29 mm to 2.18 mm.
3.1.2 Er3+ Doped BaY2F8 Single Crystal
Er3+ doped BaY2F8 single crystal samples were grown by the Czochralski method
(see fig. 3.2) in a concentration of 10at%, 20at% and 30at% using a self-made
furnace developed by the Physics Department Laboratories in Pisa. This growing
technique, also called crystal pulling, has the advantage of producing crystals with
a low level of defects [60]. The principal steps involved in the Czochralski process,
schematised in Fig. 3.2, are the following:
(a) The raw materials (usually in the form of powders) are placed in a crucible
(b) The crucible is heated up via an induction coil, driven by a radiofrequency field
placed around it, until the melting temperature is reached.
(c) A suitable seed, which is a small undoped crystal identical to the one to be
grown, is lowered to the surface of the melt forming a solid-liquid interface.
A gradient of temperature is established such that, at the height of the seed,
corresponds a temperature low enough to start the nucleation of a crystalline
structure.
(d) The seed, which is connected to a rotating rod, is successively slowly pulled up
allowing the melt below to solidify and growing as a single crystal.
Growth powders [BaF2-2YF3] with 99.999% purity level were used in order to
avoid contamination affecting the optical quality of the crystals. Vacuum condition
of 10−7 mBar and high-purity (99.999%) argon atmosphere were established before
and during the growth process. A temperature of 972 ◦C, pulling rate 0.5 mm/h,
rotation rate 5 rpm were used as growth parameters. After the growth, X-ray
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Figure 3.2: Czochralski method.
backscattering Laue diffractometry has been performed to check the crystallinity.
The resulting boule is shown in Fig. 3.3.
Figure 3.3: Boule of BaY2F8 single crystal.
Finally, the resulting crystals were cut and optically polished to produce samples
of 5 mm x 5 mm dimensions, as displayed in Fig. 3.4.
3.1.3 Polishing Techniques
A LaboPol-1 polishing machine from Struers (see Fig. 3.5) was used for grinding
and polishing our samples.
The polishing machine has a 200 mm plate rotating at fixed speed of 250 rpm.
The plate can be exchanged depending on the different preparation needed, from
grinding to final polishing. Our machine did not include an automated sample
holder, therefore a self-made one has been design suitable for our purpose. It consists
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Figure 3.4: BaY2F8 sample cut and polished.
in a mobile arm with a treated rod at its far end to which the sample holder is
attached. Because our study consisted of producing a set of samples having different
thicknesses, the sample holder, as shown in Fig. 3.6, has been designed so that up
to 4 samples can be glued on top of a metal support, whose height can be adjusted
via a micrometer screw.
After the grinding process (Fig. 3.7), the samples are gradually polished dimin-
ishing the grade of the sandpaper and finished using a colloidal alumina (Al2O3)
slurry consisting in 1 µm particles suspended in deionized water.
3.2 Material Characterisation Methods
3.2.1 Absorption Measurements
Suppose that a monochromatic light beam with an intensity Iin(λ) traverses an
absorbing medium having thickness L, as shown in Fig. 3.8.
Due to absorption, the transmitted beam intensity outside the medium Iout(λ)
decreases with respect to Iin(λ). The two intensities are related by the formula
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Figure 3.5: LaboPol-1 polishing machine from Struers integrating a self-made sample
holder.
Figure 3.6: Sample holder.
Iout(λ)
Iin(λ)
= e−α(λ)L (3.1)
where the constant α(λ) is called the absorption coefficient, which is assumed
constant within the whole length. In case the absorption coefficient is not constant,
Eq. 3.1 has the more general formula
Iout(λ)
Iin(λ)
= exp
(
−
∫ L
0
α(λ, r)dl
)
(3.2)
Equation 3.1 is often called Beer’s law [61]. The absorption coefficient is defined
as the ability of a material to attenuate light of a given wavelength per unit length,
and its unit of measure is typically given in cm−1. The ratio Iout(λ)
Iin(λ)
defines the
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Figure 3.7: Grinding process.
L
Iin Iout
Figure 3.8: Absorption in a medium of thickness L.
transmissivity T (λ) of the material, which is linked to the absorbance A(λ) by the
Beer-Lambert law :
A(λ) = −log10T (λ) (3.3)
Thus, known the absorbance A(λ), the absorption coefficient α(λ) can be calcu-
lated as a function of the thickness L:
α(λ) =
A(λ) ln(10)
L
(3.4)
In a rare earth doped material absorption and emission processes occur through
a number of energy levels, whose origin has been explained in Section 2.3. The
discrete structure of those levels allow absorption and emission only if the energy
of the photons hν is equal to the energy difference of the transitions involved. Let
us consider a basic two-level quantum system having energies E1 (level 1) and E2
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(level 2), with E2 > E1 as displayed in Fig. 3.9.
hν hν hν
2× hν
E1 E1 E1
E2 E2 E2
a) b) c)
Figure 3.9: Absorption and emission processes in a two-level quantum system. a)
Ground state absorption/Excited state absorption, b) spontaneous emission, c) stim-
ulated emission.
Three fundamental mechanisms can be distinguished:
• Ground state absorption (GSA) or excited state absorption (ESA)
This is the basic photon absorption process in which electrons belonging to
level 1 are excited to level 2 providing that hν = E2 − E1. When level 1
represents the ground state, the process is called GSA; when instead level
1 represents an excited state, the process is called ESA. Given the atomic
number density Nat of rare earth dopant ions, the electron population densities
Ni associated to each level and an incident photon flux Φinc, the population
density dynamics of level 1 is described by:
(
dN1
dt
)
abs
= −σ12ΦincN1, (3.5)
with σ12 being the absorption cross section from level 1 to level 2 defined as
σ12(λ) =
α(λ)
Nat
(3.6)
• Spontaneous emission This is the process in which an electron populating
level 2 decays back to the lower energy level 1 and a photon with energy
hν = E2 − E1 is emitted. In this case the variation of population density N2
due to spontaneous emission
(
dN2
dT
)
sp
changes according to:
(
dN2
dt
)
sp
= −N2
τ21
, (3.7)
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where τ21 is the time taken to decay spontaneously from level 2 to level 1.
• Stimulated emission A photon with energy hν = E2−E1 can also stimulate,
without being absorbed, the radiative decay of an electron belonging to level
2. The additional photon resulting from the stimulated emission has the same
direction, frequency, phase and polarisation of the incident one. For this case
the population density of level 2 is described by:
(
dN2
dt
)
st
= −σ21ΦincN2, (3.8)
where σ21 is the emission cross section. σ21 is equal to σ12 have the same
value if the degeneracy of the two levels is the same. Otherwise the following
expression is valid
g1σ12 = g2σ21 (3.9)
with g1 and g2 being the degeneracy of level 1 and 2, respectively.
Absorption spectra of our samples were measured using a double beam, dou-
ble monochromator, ratio recording spectrophotometer Perkin-Elmer Lambda 950,
operating in a wavelength range of 175-3300 nm (see Fig. 3.10).
Figure 3.10: Spectrophotometer Perkin-Elmer Lambda 950.
The spectrophotometer directly measures the absorbance A(λ), from which it
is possible to calculate, knowing the sample thickness L, the absorption coefficient
α(λ) using Eq. 3.4. The schematic of the optical system provided by the spec-
trophotometer is represented in Fig. 3.11.
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Figure 3.11: Schematic of the optical system of Perkin Elmer Lambda 950 spec-
trophotometer. 1) Light sources, 2) double holographic grating monochromators,
3) common beam mask, 4) common beam depolarizer, 5) chopper beam splitter, 6)
beam attenuators, 7) sample compartment, 8) detectors 9) second sampling area (for
integrating sphere module), 10) Additional detectors (not present in the Lambda
950 model). Image adapted from [62].
The light sources are a deuterium lamp and a tungsten-halogen lamps, which
cover the working wavelength range of the spectrophotometer. The light is ap-
propriately pre-filtered and collimated before reaching the entrance slit of the first
monochromator. In the monochromator the light is dispersed by a holographic grat-
ing (1440 lines/mm in the UV and 360 lines/mm in the NIR) and directed towards
the entrance slit of the second monochromator. At the output slit a monochromatic
beam with high spectral purity is formed. The double monochromator allows the
instrument to reach a resolution of 0.05 nm in the UV/VIS range and 0.20 nm in
the NIR range.
The monochromatic beam passes through a chopper, made of a mirrored seg-
ment, a window and two dark segments. The chopper acts as a beam splitter. In
fact, when the radiation strikes on the mirror segment this creates the so called
sample beam while passing through the window segment the beam is redirected by
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other mirrors to form a second beam called the reference beam. When the beam
passes through the dark segment no radiation is detected, and this is used to record
the dark signal of the detector. Finally, a scan over a selected wavelength range is
performed and the intensity ratio of the two beams is detected by a photomulitplier
R6872 for the UV/VIS range, or by a peltier cooled lead sulfide (PbS) detector for
the NIR range.
To correct for the influence of external factors, such as the temperature and air
humidity, a measure in absence of the sample has to be performed before every
set of measurements. This is the so called autozero or baseline measurement. The
software will then use this correction for the actual measurements performed with
the sample to test in place.
Moreover, for rare earth doped materials we have to consider the absorption due
to the host. Its contribution is significant especially in the UV region. However,
the absorption lines typical of rare earths can be easily distinguished. To perform a
more accurate measurement the baseline scan is carried out with an undoped sample
situated along the reference beam path.
In some cases it is required to perform a polarised measurement. To do so, two
polariser filters can be placed in the sample compartment. Sometimes, especially
for laser applications, we are interested in measuring the absorption spectra for
incident radiation with parallel or perpendicular polarisation with respect to the
crystalline axis. For photovoltaic applications, this is not required as the sunlight
is non-polarised except for a small portion of diffuse light. All absorption spectra
reported in the following chapters have been measured at room temperature (300
K).
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3.2.2 Photoluminescence Measurements
Photoluminescence is the process of exciting a medium via absorption of photons
followed by the emission of further photons, which can have same or different energies
with respect to the incident ones.
Luminescence can also be induced by electron flow, like the case of electrolu-
minescence in semiconductors, where an external voltage provides the necessary
energy to populate the conduction band, from which electron-hole recombination
causes photon emission. This is, for example, the case of a light emitting diode
(LED). In this work we will perform experiments which involve photoluminescence
only.
A spectrofluorometer is an instrument used to characterise the photolumines-
cence properties of materials. For our experiments we made use of an Edinburgh
Instrument FLS920 spectrofluorometer (see Fig. 3.12).
Figure 3.12: Edinburgh Instrument FLS920 spectrofluorometer. Image adapted
from [63].
The instrument is fitted with different light sources, which can be spectrally
filtered in the excitation arm. An additional external laser source attached to a sec-
ondary port of the sample chamber was also used. The sample chamber is provided
with a 50 mm focal length lens used to focus the incoming light on the sample and
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a 50 mm focal length lens to collect the emitted light, which is further filtered in
the emission arm. Finally two different detectors, one for the UV/VIS (Extended
red photomultiplier tube (PMT)), and one for the NIR region (NIR PMT), are em-
ployed to cover a total wavelength range of 200-1400 nm. A more detailed scheme
of the spectrofluorometer is represented in Fig. 3.13.
Figure 3.13: Internal schematic of the spectrofluorometer Edinburgh Instrument
FLS920. Image adapted from [63].
Both excitation and emission arms are composed by a double CzernyTurner
monochromator [64] with holographic diffraction gratings having variable groove
density. The monochromators have computer controlled entrance slits (excitation)
and exit slits (emission).
The different gratings are optimised for a specific wavelength, called the blaze
wavelength. The spectrofluorometer is fitted with three different gratings with blaze
wavelengths of 500 nm, 750 nm and 1200 nm. Their spectral optical response when
used in combination with the two detectors is represented in Fig. 3.14.
67
Chapter 3: Materials and Methods
Figure 3.14: Gratings response
The sample to measure is mounted in a sample holder placed at the centre of
the sample chamber (see Fig. 3.15).
Figure 3.15: Sample chamber of the spectrofluorometer Edinburgh Instrument
FLS920. Image adapted from [63].
The sample holder can be chosen accordingly to the type of sample which has to
be measured. Sample holders suitable for either liquid or solid samples are available.
Additionally, the sample chamber can be fitted with an 150 mm integrating sphere
for quantum yield measurements, which can be mounted in place of the standard
sample holder.
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3.2.3 Light Sources
Three different light sources were used. For the downconverter material characteri-
sation (presented in Chapter 4) in the UV/VIS a Xenon arc lamp was used due to
its broad emission spectrum covering UV/VIS and NIR.
For the characterisation of the upconverter material (presented in Chapter 6) a
tunable laser emitting in the region of 1500 nm was used. The tunability, in the
range 1450-1590, was required to investigate the upconverter’s behaviour along the
wide absorption band of interest.
Finally, a micro-pulsed light source was used to measure the decay time of the
upconverter.
All details for each light sources are presented below:
• Xe900 450W Xenon arc lamp. The Xe900 is a 450 W ozone free xenon
arc lamp that emits continuous radiation from 230 nm to 2600 nm. The lamp
is fully adjustable in two orthogonal planes for alignment optimisation. The
emission spectrum of the lamp is displayed in Fig. 3.16.
Figure 3.16: Xe900 450 W Xenon arc lamp emission spectrum.
• HP-Agilent 8168F tunable laser. This is a Fabri-Pe´rot InGaAsP tun-
able laser, with a tunability range of 1450-1590 nm. The output of the laser
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was coupled into an single mode optical fibre (Thorlabs, P3-1550A-FC-1) and
collimated with a lens of numerical aperture (NA) 0.15 (Thorlabs, F280APC-
1550).
Figure 3.17: HP-Agilent 8168F tunable laser.
• µF900 microsecond pulsed flashlamp. The µF900 is a pulsed xenon mi-
crosecond flashlamp producing short, typically a few µs pulses. The lamp is
triggered by the spectrofluorometer controller and the optical pulses can reach
repetition rates up to 100 Hz. This is employed for time-resolved photolumi-
nescence lifetime measurements in the range from microseconds to seconds.
The emission spectrum of the lamp is displayed in Fig. 3.18.
Figure 3.18: µF900 microsencond pulsed flashlamp emission spectrum.
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3.2.4 Detectors
Two photomultiplier tube detectors were used in this work that cover a very wide
spectral range from 200 nm to 1700 nm. Both were fitted to the emission arm of
the spectrofluorometer described previously. The details of the two Hamamatsu
detectors are:
• Hamamatsu R928 extended red PMT. This is the UV/VIS detector fea-
turing a Hamamatsu R928P PMT air cooled operating at a temperature of
-20 ◦C. The response spectral range is 200-870 nm with a dark count rate of
100 cps.
• Hamamatsu R5509-72 NIR PMT. This is the NIR detector featuring a
Hamamatsu R5509-72 PMT operating in a nitrogen flow cooled housing at
-80 ◦C. The detector spectral range is 300-1700 nm with a dark count rate of
200000 cps.
Figure 3.19: Extended Red and NIR PMT detector’s spectral response.
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3.2.5 Determination of Absolute Photoluminescence Quantum Yields
By using the calibrated system made of spectrofluorometer and integrating sphere,
it is possible to compare absolute photoluminesce intensity within different samples.
The determination of the PLQY is an important parameter used to evaluate the
optical performance of different classes of materials. In this thesis this technique is
used to evaluate the spectral conversion performances of rare earth doped materials.
The spectral conversion (either DC or UC) is a process made of two steps; the
absorption of photons at a certain wavelength λabs, and the emission of photons at
a different wavelength λem. Therefore, in the following definitions, we will refer to
absorbed/incident photons, having wavelength λabs, or to emitted photons, having
wavelength λem.
Two different types of PLQY can be defined:
• The iPLQY, i.e. the ratio between emitted photons over the incident photons.
iPLQY =
total flux of emittted photons
total flux of incident photons
• The ePLQY, i.e. the ratio between emitted photons over the absorbed photons.
ePLQY =
total flux of emittted photons
total flux of absorbed photons
In our analysis we only dealt with monochromatic excitation, resulting in a well
defined narrow pump wavelength λabs. Instead, the upconverted or downconverted
emission usually results in a broad spectrum. Thus, the determination of the total
flux of the emitted photons is done via integrating the emission spectrum over the
whole range wavelengths.
Another crucial part is the calculation of the total absorbed photons, which for
broadband excitation, or scattering samples, or the combination of both, require to
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use a detailed characterisation technique (for review see [65]). Instead, in our case,
the use of transparent and scattering-free materials in combination with monochro-
matic excitation, does not require to perform additional spectroscopic techniques in
order to evaluate both iPLQY and ePLQY.
3.2.6 Integrating Sphere
The integrating sphere was used for both iPLQY and ePLQY measurements. The
internal surface of the sphere, supplied by Jobin-Yvon, is covered with Spectralon,
an extremely high reflective material produced by Labsphere, having a reflectivity
greater than 98% over the range 275-1800 nm (see Figure 3.20).
Figure 3.20: Spectralon reflectivity. Image adapted from [66].
As schematised in Figure 3.21, the sample holder is placed in the centre of the
sphere. Two circular ports of 20 mm diameter are present, serving as the entrance
of the excitation pump and the exit for the fluorescence emission. Finally, a circular
baffle (made of Spectralon) is placed in front of the exit port to avoid the collection
of the direct emission from the sample. This is to ensure that all detected light
outside the sphere has made at least one reflection from the Spectralon surface.
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Figure 3.21: Integrating sphere scheme.
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Ce3+/Yb3+ Co-Doped
Downcovnerting Borate Glasses:
Effect of Self-Absorption
This chapter reviews the current state of the art of DC studies for PV applications.
It also reports the luminescent properties of a downconverting Ce3+/Yb3+ borate
glass. Following the discussion of the results, an analytical model is presented to
determine the constrains imparted by self-absorption loss mechanism on the lumi-
nescence emitted from the DC material. The model is then validated via the analysis
of photoluminescence emission spectra measured for different sample thicknesses.
This defines a new limit for the optical efficiency of a DC material.
This chapter expands on material from the following publications:
Boccolini A., Marques-Hueso J., Chen D., Wang Y., and Richards B. S. “Physical performance
limitations of luminescent down-conversion layers for photovoltaic applications.”
Solar Energy Materials and Solar Cells, Vol. 122, (2014).
Boccolini A., Marques-Hueso J., Chen D., Wang Y., and Richards B. S. “Optimization of thickness
in luminescent down-conversion layers for photovoltaic applications.”
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OSA meeting on Renewable Energy and the Environment, Optical Nanostructures and Advanced
Materials for Photovoltaics, Tucson, Arizona, USA, (2013).
4.1 Downconversion for Solar Cells
Due to the promise of improved performance for the mainstay PV technology, DC
research has attracted much attention over the last decade. The majority of publi-
cations have been mainly focused on materials chemistry studies of promising ma-
terials (for reviews see [67] and [68]) and, to date, no practical demonstration of
DC-enhanced solar cell performance have been achieved. A similar strategy has
been already implemented in PV by using luminescent down-shifting materials [69]
(similar to DC but with maximum iPLQY of unity) with up to 9% enhancements
being reported on CdTe thin film PV modules [70].
DC has been employed in lighting technology, such as mercury-free fluorescent
tubes, as well as plasma displays [71]. Materials based on RE3+ ions have been
studied and high values of iPLQY approaching 190% were measured for systems
based on Gd3+ and Eu3+ [72–74]. Despite the high iPLQY values, the DC mechanism
for this particular system is based on conversion of VUV photons (λ < 200 nm) into
VIS photons. This process is not relevant for either space- or terrestrial-based PV
applications where the solar spectrum begins at λ=200 nm or 300 nm, respectively.
It is also important to highlight that the ePLQY of this system is only 32%, firstly
due to the weak absorption of the 6GJ level of the Gd
3+ ion, and secondly due to
the strong parasitic absorption in the LiGdF4 host [75].
4.1.1 Downconverters Based on Yb3+ Co-Doped Materials
A more promising way to apply DC to PV devices are UV/VIS to NIR DC materials,
typically based on co-doped system RE3+-Yb3+. The UV/VIS light is absorbed by
a RE3+ sensitizer ion, which then transfers its energy to two neighbouring Yb3+
acceptor ions and exciting them from the 2F7/2 ground state to the excited level
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2F5/2 (∼1.2 eV). The resulting NIR (λ= 980 nm) emission from the latter level
corresponds to photon energies close to the bandgap of a silicon solar cell.
The advantage of the Yb3+ ion originates from the absence of intermediate levels
between the 2F5/2 level and the ground state, which increases the probability of
radiative emission. Moreover, the UV/VIS light could be transmitted for energies
higher than 1.2 eV due to the absence of higher energy levels. The DC process
involved within these materials may be different depending on the type of RE3+
which is present. In Section 2.3.4, two types of DC have been identified; first-order
DC based on cross-relaxation energy transfer, and a second-order DC via CET.
First-order DC have been demonstrated for systems in which the rare earth
element has one energy level at around 20000 cm−1 and one at half the energy
(around 10000 cm−1) being resonant with the 2F5/2 level of the Yb3+ ion. This is
the case of co-doped system based on Pr3+-Yb3+ and Er3+-Yb3+ [76–79].
RE3+ Yb3+Yb3+
∼20000 cm−1
∼10000 cm−1
2F7/2
2F5/2
2F7/2
2F5/2
(Pr3+ or Er3+)
Figure 4.1: First-order downcoversion.
For second-order DC via CET the intermediate level at around 10000 cm−1 is
not required and the transfer happens directly from the excited level of the RE3+
ion to two Yb3+ ions. This is the case of co-doped systems based on Tb3+-Yb3+,
Tm3+-Yb3+ and Ce3+/Yb3+ [59, 74,80].
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RE3+ Yb3+Yb3+
2F7/2
2F5/2
2F7/2
2F5/2
(Tb3+, Tm3+ or Ce3+)
Figure 4.2: Second-order downcoversion via CET.
Being a second-order process, DC via CET will be less efficient than via cross-
relaxation. However, the first-order DC is subjected to multiphonon relaxation,
which causes a decreasing of the DC efficiency due to non-radiative losses [81]. In
order to reduce, or ideally avoid multiphonon relaxation, hosts with low phononic
energies should be utilised. The second-order DC is less subjected to this type of
loss mechanism. Indeed, for the systems based on Tb3+-Yb3+, Tm3+-Yb3+ and
Ce3+/Yb3+ the levels involved with the DC are very well separated and no multi-
phonon relaxation phenomena competes with the DC process.
Another problem connected with both the DC mechanisms is the narrow band
of absorption of the UV/VIS excitation level. For second-order DC this issue seems
to be overcome adding a third dopant, as Gd3+, which is characterized by a broader
absorption in the UV region [82].
Of the previous systems, the Ce3+/Yb3+ couple is the one which satisfies most of
the required characteristics. Broadband UV absorption and high absorption cross
section (around 10−18 cm2 [59]), due to the 5d shell, make this system a promising
DC material.
In a Ce3+/Yb3+ system (see Fig. 4.3), the UV pump excites the Ce3+ ion into the
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5d manifold, which is subjected to a Stokes shift into the 4f manifold, allowing the
DC to occur via CET to the Yb3+ ions [59]. CET in borate glasses is a non-resonant
energy transfer assisted by phonons with a maximum phonon energy in the range
of 1310-1380 cm−1 [83].
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Figure 4.3: Schematic of DC via CET in Ce3+/Yb3+ system. The NIR emission
from the Yb3+ ions is decreased by self-absorption (1) and non-radiative relaxation
(2).
This ion pair is interesting because the rare earth metal ion Ce3+ exhibits a strong
broad absorption band at the UV rather than the weaker and discrete bands obtained
from other RE3+ ions. However, the second-order DC via CET is mostly non-
resonant, which means that phonons are needed to match the resonances conditions,
lowering the energy transfer efficiency (ETE). Despite of this, using materials based
on co-doping of Ce3+/Yb3+ represents a way to study others type of losses connected
with the Yb3+ emission, like the quenching of the emission or the self-absorption of
the emitted radiation.
The performance of RE3+-Yb3+ co-doped materials have been investigated through
the theoretical evaluation of the ETE from RE3+ ions to Yb3+ ions via time-
dependent photoluminescence measurements [67]. This evaluation method, pro-
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posed by Vergeer et al. [84], consists in measuring the decrease of the decay lifetime
of the excited level of the RE3+ ions with the increasing concentration of Yb3+ ions.
The ratio of the measured lifetime (corresponding to a specific concentration value)
compared to the natural lifetime (measured in a Yb-free sample) allows the theo-
retical ETE of the process, relative to each Yb3+ concentration, to be estimated.
From the literature, the theoretical ETE estimations are very close to the maximum
theoretical of 200% [84–87].
However, achieving such ETE values typically require Yb3+ concentrations greater
than 20 %mol, which also promotes other losses mechanisms such as quenching of
the emitted radiation. This is a non-radiative relaxation phenomena that, firstly
decreases the intensity of the fluorescence, and secondly results in self-absorption
of the emitted radiation due to the overlapping absorption and emission spectra.
These two loss mechanisms represent the main reasons that DC materials have not
yet demonstrated the desired performance enhancement for PV devices [77]. Self-
absorption of Yb3+ have been modeled through a rate equation model to describe
its impact on lifetime measurements [88].
Our approach will instead focus on studying the effect of self-absorption on the
ePLQY considering an optical model based on Beer-Lambert law. Therefore, this
study aims to quantify the losses due to the self-absorbed radiation in order to fa-
cilitate the design of future DC-PV devices. An optical model has been developed
and an analytical formula has been derived to demonstrate that an optimal thick-
ness exists for the DC layer, which can minimize the fraction of emission lost to
self-absorption. The model has been validated by performing spectroscopic mea-
surements for different Yb3+ doping levels and different thickness on a specific DC
system based on a transparent glass system, comprised of borate glasses co-doped
with Ce3+ and Yb3+ ions.
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4.1.2 Absorption Measurements
Absorption spectra were measured with a spectrophotometer (Perkin-Elmer, Lambda
950) with a resolution of 1 nm over 250-1200 nm wavelength range. Any effects from
the host matrix were accounted for via the undoped reference sample. All the mea-
surements on the samples have been performed at room temperature (25 ◦C).
The absorption spectra of the borate glass samples co-doped with 0.5%mol Ce3+
and different Yb3+ doping concentration is plotted in Fig. 4.4.
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Figure 4.4: UV/VIS/NIR absorption spectrum for the sample Ce0.5%-Yb1%. The
inset graph shows the NIR absorption for four different Yb3+ molar concentrations.
Two main absorption regions in the spectra were observed; one in the UV band,
due to the 4f →5d transition of the Ce3+ ions, and the other in the NIR region, due
to the transition 2F7/2 →2F5/2 within the Yb3+ ions. The sample is transparent in
the VIS range in order not to interfere with the spectral regions where the solar cell
already operates relatively efficiently [89]. As shown in the inset graph in Fig. 4.4
the measured absorption coefficient is proportional to the concentration of the Yb3+
ions. In particular, the peak at 978 nm reached different values going from 8.4 cm−1
for the 1%Yb3+ sample to about 41 cm−1 for the 10%Yb3+ sample. The UV region
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of the absorption spectra remains the same for all samples because it only depends
on the concentration of Ce3+ ions, as no absorption in that region (see Figure 2.19).
4.1.3 Photoluminescence Spectra
Fluorescence spectra were obtained using the calibrated spectrofluorometer (Edin-
burgh Instruments, FLS920) equipped with xenon lamp excitation source and a
liquid nitrogen cooled NIR PMT (Hamamatsu, R5509-72). The uncertainty for the
calibrated data is ± 3%.
The photoluminescence spectra were measured using excitation at 305 nm (full
width at half maximum (FWHM) = 12 nm). The corresponding NIR emission, as
shown in Fig. 4.5, is characterized by a sharp peak centered at 978 nm and a broader
one at 1010 nm.
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Figure 4.5: Overlapping of absorption and emission spectrum in the NIR region for
the sample Ce0.5%-Yb1%.
Figure 4.5 also displays the overlap between the absorption and emission spectra
in the NIR region, which is particularly pronounced at the 978 nm peak.
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4.1.4 Photoluminescence Spectra Dependence on Yb3+ Concentration
The photoluminescence spectra measured for all different Yb3+ concentrations were
normalized such that the total area is equal to unity and a multipeak fit performed
in order to evaluate the branching ratio of the 978 nm emission with respect to the
total. The results are presented in Fig. 4.6.
Figure 4.6: Emission spectra for different Yb3+ doping level concentration and rel-
ative emission branching ratio. Open circles represent the measured spectra, blue
solid lines are the single peak function and red dashed-lines are the convolution of
the two peaks.
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They indicate that the branching ratio of the 978 nm emission decreases from
21.6% to 10.9% as the Yb3+ doping level increases from 1%mol to 10%mol doping
concentration.
There are two possible mechanisms to explain this trend. Firstly, this could
be caused by non-radiative relaxation from the higher states of the 2F5/2 manifold
to its lower state causing the red-shift of the emission [90]. This phenomenon be-
comes increasingly important as the Yb3+ ions concentration increase. Secondly,
the considerable decrease of the peak intensity at 978 nm may be attributed to the
self-absorption of the emitted radiation within the Yb3+ ions themselves. However,
the losses due to self-absorption could not be extrapolated from Fig. 4.6 and an-
other experiment has to be set up to quantify which loss mechanism is dominant.
The experiment consists of measuring, using an integrating sphere, the photolumi-
nesce spectra of samples with fixed doping levels of Ce3+ and Yb3+ while varying
the thickness. This is presented in Section 4.3. Before proceeding we would like to
theoretically analyse what the effect of self-absorption would be on the photolumi-
nescence measurements using a simple optical model.
4.2 Modelling Self-Absorption Losses
A 1D optical model has been developed by the author of this thesis in order to de-
scribe the self-absorption of the emitted down-converted radiation. Consider a DC
layer of length L divided into N slabs (see Fig. 4.7), where α and β are the absorp-
tion coefficients relative to the wavelengths of the pump and the emitted radiation,
respectively. It is assumed that all the incident photons, which are absorbed by the
donor ions, transfer their energy to two acceptors ions with an efficiency ηET .
84
Chapter 4: Ce3+/Yb3+ Co-Doped Downcovnerting Borate Glasses: Effect of Self-Absorption
Solar cell
DC layer (ith slab)
0 i LN (i+ 1)
L
N L
α
β
β
Pump
Back emission
Front emissionηET
Figure 4.7: Schematic diagram of the 1D DC model scheme, showing an incident
pump beam on the top surface. The solar cell is placed at length L, such that the
DC layer is over-lying. α and β represent the absorption coefficient at pump and
emission wavelength, respectively.
The emission is considered to be isotropic, thus statistically the emitted photons
will be equally distributed between the front and back side. The probability for the
emitted photons to exit from the material is then taken into account and depends on
the number of slabs that the emitted photons have to pass through. The probability
for an incident photon to be absorbed in the ith slab is:
pia(α,L,N) = e
−αi L
N − e−α(i+1) LN = e−αi LN
(
1− e−α LN
)
(4.1)
The probability for an emitted photon (from the ith slab) to be transmitted
outside the sample, such that it is not reabsorbed, in the case of front-emission is:
pit(β, L,N) = e
−β[L−(i+ 12) LN ] = e−βLeβ(i+
1
2)
L
N (4.2)
The joint probability that a donor ion absorbs a photon in the ith slab, trans-
ferring its energy with an efficiency ηET (α, β) to two acceptor ions in the same slab,
and consequently emitting photons which have been transmitted outside the sample
is then:
piTOT (α, β, L,N) = p
i
a(α,L,N)× ηET (α, β)× pit(β, L,N). (4.3)
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Finally, considering the contribution of all N slabs, the total probability for the
emitted photons to be transmitted outside the sample has been calculated summing
over the N slabs and taking the limit for N →∞:
pTOT (α, β, L,N) = lim
n→∞
N−1∑
i=o
piTOT (αβ, L,N) =
= ηET (α, β)× e−βL × lim
n→∞
[(
1− e−α LN
)
× e− βL2N ×
N−1∑
i=o
e−(α−β)
L
N
i
] (4.4)
Using the properties of geometric series and calculating the limit from De l’Hopital
Rule, the following analytical formula is found:
pTOT−front(α, β, L) = ηET (α, β)× e−βL ×
(
1− e−(α−β)L)× α
α− β (4.5)
and the special case where α = β yields the following particular solution:
pTOT−front(α,L) = ηET (α)× αL× e−αL. (4.6)
Thus, Eq. 4.6 represents the total probability for an incident photon to convert
its energy with an efficiency ηET (α, β) and escaping from the opposite side of the
material of length L.
For the case of back-emission the formula changes to:
pTOT−back(α, β, L) = ηET (α, β)×
(
1− e−(α−β)L)× α
α + β
. (4.7)
Finally, the two contributions can be combined to yield the total probability in
the isotropic case, where pTOT =
1
2
pTOT−front + 12pTOT−back
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pTOT (α, β, L) = ηET (α, β)× α
2
×
[
e−βL
(
1− e−(α−β)L)
α− β +
1− e−(α+β)L
α + β
]
(4.8)
The probability pTOT (α, β, L) could be related to the ePLQY of the process.
Indeed, the incident photon flux φinc and the emitted photon flux φem are related
to the probability pTOT (α, β, L)
ϕinc × pTOT (α, β, L) = ϕem (4.9)
while the ePLQY is defined as:
ePLQY =
ϕem
ϕinc
. (4.10)
It follows that, in this case:
ePLQY = pTOT (α, β, L) (4.11)
Thus, the optimal thickness (LTOT−opt) of a DC layer that maximizes the total
emission (front+rear) can be calculated setting the derivative of Eq. 4.8 equal to
zero:
e−βL
(
1− e−(α−β)L)
α− β +
1− e−(α+β)L
α + β
= 0 (4.12)
Although this equation does not have an analytical solution, the optimal thick-
ness (LTOT−opt) can be readily obtained by plotting the function once the exper-
imental absorption coefficients (α,β) have been substituted. The thickness that
maximizes the emission at the front of the DC layer (Lfront−opt) - the expression
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most relevant for PV systems - can then be calculated as follows:
0 =
∂
∂L
pTOT−front(α, β, L) = constant× e−βL ×
(
αe−(α−β)L + β
)
(4.13)
Whose solution could be easily derived as:
Lfront−opt =
ln
(
α
β
)
α− β (4.14)
For the special case with α = β, the optimal thickness could be derived from the
derivative of Eq. 4.8:
Lfront−opt =
1
α
(4.15)
This result could be used to evaluate the thickness of the sample in order to
minimize the losses due to self-absorption in the case of DC-PV device application.
It has also to be considered that we have not taken into account that portion of
back-emitted radiation that it is reflected due to the total internal reflection, as it
happens for a real case.
Figure 4.8 plots Eq. 4.5, Eq. 4.7 and Eq. 4.8 for a specific case with ηET=100%
and both α and β fixed to two specific values, that have been chosen from experi-
mental data measured on the samples used in Section 4.1.2.
According to Fig. 4.8, the ePLQY calculated from the back emission (dashed
line) saturates to a limit of 83.5%, corresponding to α(α + β)−1, as the thickness
increases. On the other hand it can be observed that in the case of the front emission
(dash-dotline), that an optimal thickness exists that maximizes the ePLQY to 67%,
and this will obviously affect also the trend of the total emission (solid line), whose
maximum ePLQY reaches 143.2%. It is remarkable that the optimal thickness
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Eq. 4.6 (front emission)
Eq. 4.7 (back emission)
Eq. 4.8 (total emission)
Figure 4.8: ePLQY calculated for a specific case with α=42.4 cm−1 and β=8.4
cm−1 for front emission (dash-dotline), back emission (dashed line) and the total
contribution (solid line).
that maximizes the ePLQY is smaller for the front emission than for the total
emission, which has to be considered depending on the application. The predicted
values have been calculated considering an ideal case of ηET=100%, which should
correspond to an ePLQY of 200%. The value of 143.2% is instead much lower with
respect to the ideal 200% value. This means that the self-absorption of the emitted
radiation is an effect that should be taken into account when we discuss measured
photoluminescence spectra.
4.3 Experimental Validation Using Ce3+/Yb3+ Borate Glasses
In order to isolate the contribution from self-absorption, samples of varying thick-
nesses were prepared for a fixed concentration of Ce3+ (1%mol) and Yb3+ (1%mol)
ions. The photoluminescence spectra were measured exciting at 305 nm (FWHM=12
nm) using the calibrated integrating sphere, in order to be able to compare the ab-
solute values of the measured photoluminescence intensity.
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From Fig. 4.9, it is observed that as the thickness decreases the absolute emission
peak at 978 nm increases in intensity. Moreover, the total integrated emission shows
that an optimal thickness exists that maximize the emitted fluorescence, i.e. the
total counts, and it was measured to be 0.84±0.01 mm.
Figure 4.9: Emission spectra for Ce3+ 0.5 %mol -Yb3+ 1%mol at varying thicknesses.
The total photon counts are displayed for each case and the emission peak at 978
nm is highlighted through the shaded area.
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A multipeak fit on the measurements were performed in order extrapolate the
emission peak intensity at 978 nm. The data, as shown in Fig. 4.9, were then
fitted using Eq. 4.8, since the integrating sphere collects both the radiation coming
from the front and back side of the sample. The fit was initialized fixing β=8.44
cm−1 (measured absorption coefficient at 978 nm), and we compared the estimated
parameter absorption coefficient at 305 nm with the measured one. The parameter
α has been estimated to a value of 46±10 cm−1 which is the same (within the
margin of error) to the measured value of 42.4 cm−1 affording strong evidence that
the measured samples are affected by the self-absorption of emitted radiation.
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Figure 4.10: Integrated fluorescence relative to the peak at 978nm fitted by Eq. (8)
calculated from the self-absorption model.
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4.4 Conclusions
In summary, we have presented a study with the aim of minimise the losses within
luminescent materials coming from self-absorption of the emitted radiation. Appli-
cation of DC materials to solar cells represents a challenging area. The inability
to demonstrate a DC-PV device is due to the fact that the intrinsic losses hap-
pening in a DC material compete against the DC process itself. In this work the
losses coming from the self-absorption of the emitted radiation were analysed using
a specifically-developed 1D optical model.
The experimental results showed that an optimal thickness and an optimal dop-
ing concentration of the ions participating in the DC process exist in order to min-
imize the self-absorption and enhance the PLQY of the material. The validation
through experimental measurements on DC borate glasses co-doped with Ce3+/Yb3+
demonstrates the consistency of this model, which could be also applied to other
spectral conversion systems, such as those based on luminescent downshifting and
upconverting materials, but also for other technologies involving luminescent mate-
rials containing high absorbers dopant such as Yb3+ ions.
In conclusion, I have provided a method to reduce the self-absorption loss mecha-
nism, which can be applied to a wider class of luminescent materials. The equations
given by the model presented in this Chapter will be analysed in Chapter 5, and the
model will be adapted also for a upconverter system.
Finally, in chapter 6 we will use those results to optimise an upconverter material
made of BaY2F8 doped with Er
3+ ions.
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Chapter 5
Role of Self-absorption on
Downconversion and Upconversion
Enhanced PV devices
This chapter discusses the impact of self-absorption on absolute photoluminescence
quantum yield analysis and on DC and UC enhanced PV devices. Specifically, this
chapter shows how the self-absorption loss mechanism depends strongly on the ex-
perimental conditions used to measure the photoluminescence properties.
This chapter expands on material from the following publications:
Boccolini A., Marques-Hueso J., Chen D., Wang Y., and Richards B. S. “Physical performance
limitations of luminescent down-conversion layers for photovoltaic applications.”
Solar Energy Materials and Solar Cells, Vol. 122, (2014).
Boccolini A., Marques-Hueso J., and Richards B. S. “Self-absorption in upconverter luminescent
layers: impact on quantum yield measurements and on designing optimized photovoltaic devices.”
Optics Letters, Vol. 39, Issue 10 (2014).
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5.1 Impact of Self-Absorption Losses on DC-PV Devices
The self-absorption model presented in the previous chapter allow us to extend the
analysis by determining the limitations of a DC-PV device due to sole contribution of
this optical loss mechanism. Eq. 4.8, representing the total emission escaping from
the sample, is subjected to a thickness optimisation which determines a maximum
ePLQY.
The maximum ePLQY value is strictly connected with the values of both α
(absorption coefficient at excitation wavelength) and β (absorption coefficient at
emission wavelength), which are also related to the concentration of the donor and
acceptor ions in the DC material, respectively. By varying those parameters, to-
gether with the energy transfer efficiency ηET we can determine the upper limit of
the DC-PV device due to the self-absorption loss mechanism.
Fig. 5.1(a)(c) displays, for an ideal case of a fixed ηET=100% (corresponding
to an iPLQY of 200%), the maximum achievable ePLQY by varying parameters
α and β and the dependence of the ePLQY with the thickness and β for α=42.4
cm−1 shows that in order to increase the probability of the DC process we should
decrease β as low as possible and increase α. The optimal thickness which yields
an ePLQY of 199.9% is found around 1.61 mm, corresponding to absorption at the
pump wavelength of 99.999%, or an optical density (OD) of 5.
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Figure 5.1: ePLQY dependence on thickness and doping concentration. Graphs
(a), (d) and (g) represent three different ηET dependence curves on β. Graph (b),
(e) and (h) show the ePLQY vs. α and β. Graphs (c), (f) and (i) displays the
ePLQY vs. Thickness and β with α fixed to 42.4 cm1 together with the optimal
point corresponding to the max ePLQY.
In reality, these two requirements could not be satisfied because a low value for
β corresponds to a low Yb3+ concentration, which in turn decreases the probability
of energy transfer and subsequently results in a poor probability of DC taking place.
Indeed, if we consider a more reliable case of ηET reaching 100% gradually only after
a certain amount of Yb3+ (see both Figs. 5.1(g) and 5.1(h)), the plotted solutions
of Eq. 4.8 yield more interesting results. Graph (d) in Fig. 5.1 confirms that
greater ePLQY corresponds to greater α values, but in this case an optimal β exists
that maximizes the performance of the DC material. Indeed, graphs 5.1(e) and
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5.1(f) shows that an optimal thickness of 0.68 mm (corresponding to about 94.4%
of absorption or OD=1.25 at pump wavelength) and an optimal β=5.70 cm−1 leads
to a maximum ePLQY of 147.5%.
The behaviour described in Fig. 5.1(g)-(i) is quite similar to the previous case.
In this scenario, the ηET increases slower with β than previously and the optimal β
results in a range of higher values (because of the lower efficiency of the transfer).
For α=42.4 cm−1 the optimal thickness is 0.54 mm (89.9% of absorption of incident
photons, or OD=0.99) and β=11 cm−1, while the maximum ePLQY is 121%.
The maximum ePLQY presented so far could also be lowered by the other
quenching phenomena, such as radiation trapping or cross-relaxation. Therefore,
the limit values represent an ideal case in which the self-absorption is the competi-
tive mechanism which decreases the luminescence intensity.
5.2 Impact of Self-Absorption Losses on UC-PV Devices
An UC-PV device consists of coupling an UC layer to the rear side of a bifacial
solar cell, so that the UC layer absorbs the transmitted sunlight and emits photons
back into the overlying solar cell with energy greater or equal to the semiconductor
bandgap Egap [11, 56].
The effective gain that could be obtained from a UC-PV device is dependent
on the optical quantum yield of the UC layer. The experimental evaluation of the
quantum yield through photoluminescence measurements is of primary importance
to estimate the potential applicability of the UC materials [91].
By definition, the maximum theoretical achievable iPLQY for an UC process
is 50%, which is difficult to achieve experimentally. The short-fall between the
theoretical limit and the measured values is caused by several factors including
non-radiative losses like multiphonon relaxation, concentration quenching and self-
absorption [81, 92, 93]. Additionally, the ePLQY is also constrained by the ab-
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sorbance of the UC material, whose optical performances may be considerably low-
ered if a weak absorption cross section at the pump wavelength is present. Losses
caused by concentration quenching and multiphonon relaxation can be minimized by
optimizing the presence of dopant ions and choosing low phonon energy hosts, such
as fluorides, bromides and chlorides [94]. Losses caused by self-absorption instead
have been only marginally investigated.
Occurrence of self-absorption is associated with the overlapping of emission and
absorption spectra of the RE3+ ions involved. The overlap can be quite large in RE3+
ions due to their atomic-like spectra. Recently, a self-absorption loss mechanism
has been reported in erbium(Er3+)-doped barium yttrium fluoride (BaY2F8) where
it has been minimized by experimentally optimizing the thickness of the sample
[95]. Moreover, an optical model describing how the self-absorption affects PLQY
measurements in a downconverter (DC) luminescent material has been demonstrated
in [93].
Here we develop an optical model for UC where the self-absorption losses and
the non-linear power dependence of the UC process are considered. In this way,
the optimal thickness of an UC layer, which reduces the effect of the self-absorption
and maximizes the ePLQY, can be calculated for a determined incident power and
dopant concentration. Moreover, we demonstrate that the ePLQY of an UC layer,
measurable through an integrating sphere, may be underestimated with respect to
the actual ePLQY while performing in a UC-PV device configuration. Finally, we
will show that the optimal thickness is inversely proportional to the molar concen-
tration of the Er3+ ions, and that this is equivalent to a condition of having a fixed
number of ions within the material that minimize the self-absorption.
A similar methodology implemented by the authors to model the self-absorption
in a down-conversion (DC) layer [93] has been used here. It consists of dividing the
considered sample in N slabs along the thickness L. For each slab, the probability of
absorbing the incident pump (pia), the energy transfer efficiency (ηET ) of the process
along L, and the probability of the emitted radiation to escape out through the front
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and back sides of the sample (pit), have been combined in order to obtain the total
ePLQY of the layer as a sum of the contributions of the N slabs. In a DC system,
there is a linear dependence on DC emission with incident pump power, hence it was
possible in [93] to analytically solve the relevant equation to predict the ePLQY.
In the UC system considered, since a non-linear relationship between the exci-
tation power (P) and UC luminescence exists [96], and because of the exponential
decrease of the pump beam intensity along L, the probability for an UC photon to
be emitted from each slab varies along the sample thickness. This probability is
related to the measurable iPLQY of the sample. Therefore, in the equations used
for the modelling, the ηET has been replaced with experimental iPLQY data from
literature and the total contribution has been numerically computed.
ePLQY =
N∑
i=1
[
p(i)a (L) · iPLQY (P, i) · p(i)t (L)
]
(5.1)
Since the focus of this work is to compare the relative optical performance of two
different experimental situations, the effect of scattering - which can also affect
the self-absorption - has not been accounted for within this model. Therefore the
propagating beams inside the sample have been considered scattering-free.
The iPLQY power dependent measurements have been taken from [97], where
hexagonal sodium yttrium fluoride (β-NaYF4) micro-phosphors embedded with 55.6
w/w% in a perfluorocyclobutane host matrix at seven different Er3+ doping concen-
trations (10 mol.%, 15 mol.%, 20 mol.%, 25 mol.%, 35 mol.%, 50 mol.% and 75
mol.%) have been analysed. This particular polymeric host matches the refractive
index of β-NaYF4 so that scattering effects within the samples were minimized.
A semi-empirical function, representing the iPLQY power dependence, has been
fitted to the experimental data in order to obtain a continuous set of data for each
power density:
iPLQY =
A · Pin
1 +B · Pin , (5.2)
A and B are parameters estimated from the fit. Eq.5.2 originates from experimental
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observations. In fact, the iPLQY, defined by the ratio of the power dependent UC
emission intensity (IUC(P)) by the absorbed power P, results in a power dependence
proportional to Pm−1 with m−1 taking values from 1 (low power regime) to 0 (high
power regime). This is due to the fact that experimentally IUC(P) is proportional
to Pm (with m=2 in the ideal case of 2-photon UC), while a linear dependence is
established in the high power regime [98].
The fit of Eq.5.2 to the experimental data is given in Fig.5.2a for power densities
between 0 and 103 Wm−2 (relative to an incident radiation of wavelength 1523 nm),
and demonstrates excellent agreement.
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Figure 5.2: iPLQY data taken from [97] plotted together with the fitted curves
defined by Eq.5.2 for each Er3+ molar concentration: (a) shows the accuracy of the
fit for pump power densities up to 103 Wm−2, while (b) shows the extrapolated
values up to 106 Wm−2.
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Table 5.1: Fitted parameters A and B from data in [97] and iPLQY values with
their corresponding log-log slope at different power densities (150 Wm−2, 970 Wm−2
and 106 Wm−2) for different Er3+ doping levels.
Er3+ A B iPLQY iPLQY Slope (m-1) Slope (m-1) iPLQY
(mol.%) (cm2W−1) (cm2W−1) at 150 Wm−2 at 970 Wm−2 at 150 Wm−2 at 970 Wm−2 at 106 Wm−2
10 0.30±0.01 1.4±0.4 (0.4±0.2)% (2.6±0.9)% 1.0±0.3 0.9±0.3 (21±7)%
15 0.56±0.01 2.5±0.3 (0.8±0.1)% (4.4±0.7)% 1.0±0.1 0.8±0.1 (22±3)%
20 0.70±0.01 3.3±0.5 (1.0±0.2)% (5.1±0.9)% 1.0±0.2 0.8±0.1 (21±4)%
25 0.84±0.02 4.5±0.5 (1.2±0.2)% (5.7±0.8)% 0.9±0.1 0.7±0.1 (19±3)%
30 0.82±0.01 6.1±0.3 (1.1±0.1)% (5.0±0.3)% 0.9±0.1 0.6±0.1 (13±1)%
50 0.48±0.01 5.9±0.6 (0.7±0.1)% (3.0±0.4)% 0.9±0.1 0.6±0.1 (8±1)%
75 0.15±0.01 4.5±1.7 (0.2±0.1)% (1.0±0.5)% 0.9±0.4 0.7±0.3 (3±2)%
Moreover, the fitted curves have been extrapolated to higher power regimes, as
shown in Fig.5.2b, where the iPLQY for each case reach asymptotically its limit. The
parameters A and B, the corresponding slope in a log-log plot for two different power
density and the resulting iPLQY values for each Er3+ doping level are summarized
in Table 5.1. The obtained log-log slopes are in the range of 0.9-1.0 at 150 Wm−2
and 0.6-0.9 at 950 Wm−2, which confirm the transition described in Eq.5.2 from low
to high power regime dependence.
The integrated irradiance of the air-mass direct solar spectrum in correspondence
of Er3+ absorption band in β-NaYF4 (1480-1560 nm) has been calculated to be 23
Wm−2. It follows that values of 104 Wm−2 correspond to a concentration factor of
about 400-500x, that could be reached in a real system with a concentrating PV
(CPV) technology [99]. Instead power densities up to 106 Wm−2 (100x increase
respect to CPV) might be achievable if other technologies based on nanophotonic
and plasmonic enhancement are considered [100].
Interestingly, the extrapolated data coming from the fit of Eq.5.2 - which does
not predict a decrease in quantum yield as expected in a real situation [96]- shows
that the highest value obtained (around 22%) is far below the theoretical 50%. This
shows how challenging it is achieving high quantum yield values with UC materials.
Based on previous analysis, two different cases have been simulated. One case
relates to the ePLQY that would be measured with an integrating sphere, while the
other scenario is likened to the effective ePLQY of the UC material when coupled to
a solar cell in a UC-PV device (see Fig.5.3). In the latter case, due to the reflector,
the power density in each slab is given by the superposition of direct and reflected
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pump beams.
Figure 5.3: UC emission in two different experimental situations. In the first case,
the UC sample is excited by a collimated pump beam inside an integrating sphere
(not shown for clarity) which collects the UC luminescence coming out from both
front and back side. In the second case, the emission is considered when attached
on the back side of a bifacial solar cell and a 100% reflector covering the other side
of the UC layer.
The graph in Fig.5.4 shows the calculated ePLQY in the two different configu-
rations and for three different power regimes (103, 104 and 105 Wm−2 of 1523nm
light) relative to the 25% Er3+ sample, which is among the highest iPLQY values
reported in Fig.5.2. In both configurations, the ePLQY is maximum for a certain
optimal thickness, whose value differs from case to case. This is due to the presence
of the reflector in the UC-PV device, which allows recycling the transmitted pump.
Consequently, the optimal thickness is reduced and at the same time a higher power
density within the sample is established. This explains why in Fig.5.4 the maxi-
mum ePLQY that could be achieved in a UC-PV device is higher than an ePLQY
that could be measured with an integrating sphere. Furthermore it follows that, for
samples thicker than the optimal values, the ePLQY in a UC-PV device could be
lower with respect to the integrating sphere scenario.
In fact, for the device case, the recycled UC emission due to the reflector suffers
a longer pathlength before reaching the back side of the solar cell, and thus the
probability to be reabsorbed increases.
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Figure 5.4: Simulated ePLQY using Eq.5.1 for the NaYF4:Er
3+(25%) as a function
of thickness, for three different pump power densities in the two configurations
described in Fig.5.3.
For all the different Er3+ concentrations the maximum ePLQY value achievable
in both configurations and its corresponding optimal thickness have been extrapo-
lated. The data are reported in the graphs of Fig.5.5 and they are relative to a fixed
power density of 103 Wm−2.
In Fig.5.5a the concentration dependence of maximum ePLQY confirms that
for this specific pump regime the optimal concentration of Er3+ is equal to 25%
and that the performance of the UC material within the UC-PV device could be
higher by a factor of 1.5. The graph displaying the concentration dependence of the
optimal thickness has been fit, for both configurations, with a function of the type:
y = k · x−1, where k is a constant. The k values calculated from the fit are 2.0·10−4
mol cm−2 and 4.5·10−4 mol cm−2 for the UC-PV device case and integrating sphere
setup, respectively. Assuming a beam size S = 10.5·10−4 cm2 [97], the product S · k
represents the volume of the pump beam per mol of Er3+ ions excited.
Finally, then multiplying Avogadro’s number NA, the number of Er
3+ ions
present within the excitation volume is obtained. Values of 1.3·1017 ions for the UC-
102
Chapter 5: Role of Self-absorption on Downconversion and Upconversion Enhanced PV devices
0
1
2
3
4
0 10 20 30 40 50 60 70 80
0,0
0,1
0,2
0,3
0,4
0,5
0,6
b)
M
AX
 e
PL
Q
Y 
(%
)
a) UC-PV device
Integrating Sphere
O
pt
im
al
 T
hi
ck
ne
ss
 (c
m
)
Er3+ concentration (mol.%)
Fitted curve: y = k
Figure 5.5: Maximum ePLQY achievable (a) and its corresponding optimal thickness
(b) dependence with Er3+ molar concentration referring to 103 Wm−2 pump power
density in the two different configurations.
PV device configuration and 2.9·1017 ions for the integrating sphere setup. There-
fore, the condition to minimize the impact of self-absorption is actually translating
in finding a specific amount of Er3+ ions present in the excited volume within the
sample. In our compared analysis the number of Er3+ ions needed to minimize the
self-absorption is lower in the case of a UC-PV because of its optimized design.
5.3 Conclusions
To summarize, in the case of DC-PV device analyisis, by minimizing the losses
coming from the self-absorption, the ePLQY value could be maximized by selecting
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the right values of the three parameters α, β and thickness. The choice of the
thickness is very crucial because we have to choose a thickness that would appear
at first to be counter-intuitive, as it corresponds to a non-optimal absorption of the
pump (less than 100%).
In the case fo UC-PV device, we have quantified the impact of self-absorption on
the ePLQY for an UC system. The results showed that an optimal sample thickness
is required to maximize the ePLQY. Two different cases have been compared; the
first in which the ePLQY of the material is measured in a integrating sphere and
the second in which the effective ePLQY of a UC layer attached to the back side
of a bifacial solar cell is considered. From the comparison it follows that, under
optimal operating conditions, the ePLQY measured through an integrating sphere
may result in an underestimation with respect to the performance that the UC
material could achieve in a UC-PV device.
Moreover it has been found that the optimal thickness and the ions’ molar con-
centration are inversely proportional, suggesting that the condition on the optimal
working condition can be translated to an optimal number of Er3+ ions present
within the volume excited by the incident pump beam. Finally, self-absorption is
not only restricted to RE3+-based materials. UC systems using organic molecules
and non-PV applications based on spectral conversion may also be affected by this
loss mechanism [101,102].
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Highly Efficient Upconversion in
Er3+ Doped BaY2F8 Crystals
This chapter presents a study of the upconversion (UC) in barium yttrium fluoride
(BaY2F8) single crystal doped with trivalent erbium ions (Er
3+) under excitation of
the 4I13/2 level at three different wavelengths: 1493 nm, 1524 nm and 1556 nm. The
resulting UC emission at around 980 nm has been investigated and it has been found
that a thickness optimization is required to reach high quantum yield values, other-
wise limited by self-absorption losses. The iPLQY and ePLQY values reported in
this chapter are among the highest achieved for monochromatic excitation. Finally,
the losses due to self-absorption were estimated in order to evaluate the maximum
iPLQY achievable by the upconverter material.
This chapter expands on material from the following publications:
Boccolini A., Favilla E., Tonelli M., Richards B. S, and Thomson R. R.. “Highly efficient upconver-
sion in Er3+ doped BaY2F8 single crystals: dependence of quantum yield on excitation wavelength
and thickness.”
Optics Express, Vol. 23, Issue 15 (2015).
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6.1 Upconverters Based on Erbium Doped Materials
6.1.1 State of the Art
Photon UC in trivalent erbium (Er3+) ion-doped materials is a striking feature
for a number of technological applications, such as solid state lasers [103], optical
amplifiers [104], light-emitting displays [105], biolabels [106] and PV [107]. This wide
range of applications originates from the UC property of absorbing two photons and
emitting one higher energy photon due to energy transfer between the excited Er3+
ions [47, 108].
Figure 6.1 shows the typical design of a Er3+-based UC-PV device in which IR
sub-bandgap photons with wavelength at around 1500 nm (∼0.8 eV) are absorbed
and converted by an UC layer underneath a bifacial solar cell. The UC process
populates the 4I9/2 level, which relaxes to the lower
4I11/2 level. Due to the transition
4I11/2→ 4I15/2, the resulting emission at around 980 nm (∼1.2 eV) is finally absorbed
and converted into electricity by the silicon solar cell (bandgap energy ∼1.1 eV).
Transmitted sub-bandgap photons are 
converted into a higher energy photon
Bifacial Solar Cell
UC Layer
Reflective Layer
4I15/2
4I13/2
4I11/2
4I9/2
Fast decay
(τ∼10 ms)
(τ∼16 ms)
UC
UCPump
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Figure 6.1: Two sub-bandgap photons are converted into a higher energy photon
by an UC layer placed underneath a bifacial solar cell. The pump energy scheme
within Er3+ ions of the 4I13/2 level shows how the UC process populates the
4I9/2
level and consequently to the lower 4I11/2 due to fast decay. The radiative decay
to the ground state from this level leads to an emission characterized by two main
peaks centered at 977 nm and 1005 nm, corresponding to photon energies just above
the silicon bandgap Eg. The lifetimes values reported have been measured in our
lab.
The idea to utilize UC for PV applications was initially given, in 1996, by Gibart
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et al. testing in the IR region ('1.39 eV) a device made of a GaAs solar cell
(Egap=1.43 eV) with a co-doped Yb
3+-Er3+ vitroceramic [109]. Shalav et al. first
proposed the use of NaYF4:20%Er
3+ upconverting phosphor coupled with a silicon
solar cell, measuring an EQE of 2.5% under monochromatic excitation at 1523 nm
[110]. Later, authors from the same group, tested the same material using a better
optical coupling, and an EQE of 3.4% was reached under 2.4 Wcm−2 illumination
at 1523 nm [111]. In 2010 others EQE measurements involving c-Si solar cell were
performed with NaY4F doped with Er
3+ by Fischer et al. obtaining EQE values of
0.34% (under 1880 Wm−2 at 1523 nm) [112]. In 2011 Pelle` et al. using CaF2-YF3
found an EQE of 2.4% under 100 Wcm−2) with excitation at 1540 nm [113].
As mentioned in Section 2.4.1.2 theoretical studies based on a detailed-balance
approach have predicted that an ideal Er3+-based UC-PV device could reach up to
7% relative increase with respect to the efficiency of a silicon solar cell, which in
terms of absolute efficiency corresponds to an increase from 25.95% to 27.88% under
non concentrated sunlight and from 36.61 % to 39.43 % at aconcentration of 46200
suns [57]. The concept of ideal UC refers to a system which totally absorbs the
exciting radiation and converts exactly two photons into one higher energy photon.
Therefore an ideal UC corresponds to a system absorbing 100% of the incident
radiation and having an internal photoluminescence quantum yield (iPLQY) of 50%,
or equivalently to a system showing an external photoluminescence quantum yield
(ePLQY) of 50%. Where ePLQY and iPLQY are defined as the ratio of incident
(or absorbed) photons over the emitted ones, respectively.
Experimentally, the highest iPLQY of 12±1 % (ePLQY∼5.5%) was reported by
Martin-Rodriguez et al. in a gadolinium oxysulfide host (Gd2O2S:10%Er
3+) under
monochromatic excitation at 1500 nm with an irradiance of 0.07 Wcm−2 [114]. Fis-
cher et al. reached the highest ePLQY value of 9.5±0.7 (iPLQY= 10.1±1.6 %)
for monochromatic excitation at 1520 nm with an irradiance of 0.47±0.25 Wcm−2
employing a BaY2F8:30% Er
3+ doped upconverter [115]. Under broadband exci-
tation the highest iPLQY of 16.2±0.5 % (ePLQY = 3.4±0.1 %) was reported by
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MacDougall et al. in a sodium yttrium fluoride (β-NaYF4: 10% Er
3+) UC material
centered at 1523 nm, 80 nm bandwidth and irradiance of 227±10 Wcm−2 [91], even
though it was later noted to be over-estimated [65]
Although recent progress has shown overall increase of both iPLQY and ePLQY,
those values are still far from demonstrating a substantial benefit of UC when applied
to silicon PV devices. The above mentioned results also show a significant difference
between ePLQY and iPLQY values among Gd2O2S and β-NaYF4. The two hosts are
in fact affected by a considerable amount of scattering which reduces the absorption
of the incoming light. Consequently, it is common to achieve high iPLQY values
which corresponds to low ePLQY values, and the other way around [116]. However
in the BaY2F8 sample scattering does not represent a limiting factor due to the
possibility of synthesizing it in bulk crystalline form, as demonstrated by the small
difference between ePLQY and iPLQY reported in [115].
The Er3+ concentration in the host plays a key role. A higher concentration
decreases the average distance between the Er3+ ions which leads to higher proba-
bility of ET among these ions, but at the same time this enhances the probability of
non-radiative cross-relaxation mechanisms [117]. Ways of limiting these losses have
been extensively studied in literature and have been mainly focused on the search
of low phonon energy hosts, synthesis of UC nanoparticles and optimization of the
Er3+ ion doping level [97,116,118].
The aim of our experimental study is to analyze the UC luminescent properties of
BaY2F8 samples under different monochromatic excitation wavelengths as a function
of Er3+ concentrations and thicknesses. In particular we will show how the ePLQY
and iPLQY can be optimized via minimization of self-absorption, a loss mechanism
whose effect on a UC-PV device has been only theorized by the author of this
thesis [93], and which is now experimentally demonstrated for the first time in a UC
material.
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6.2 Methodology
Er3+ doped BaY2F8 single crystal samples were grown by the Czochralski method
in a concentration of 10at%, 20at% and 30at% using a self-made furnace developed
by Physics Department Laboratories in Pisa. Growth powders with 99.999% purity
level were used in order to avoid contamination affecting the optical quality of the
crystals. Vacuum condition of 10−7 mBar and high-purity (99.999%) argon atmo-
sphere were established before and during the growth process. A temperature of
972 ◦C, pulling rate 0.5 mm/h, rotation rate 5 rpm were used as growth parameters.
After the growth, X-ray backscattering Laue diffractometry has been performed to
check the crystallinity. Finally, the resulting crystals were cut and optically polished
using a colloidal alumina (Al2O3) slurry consisting in 1 µm particles suspended in
deionized water.
The samples prepared were: three samples of 10%Er:BaY2F8 with thickness
(1.05±0.01) mm, (1.41±0.01) mm and (2.00±0.01) mm, three samples of 20%Er:BaY2F8
with thickness (0.49±0.01) mm, (1.25±0.01) mm and (2.05±0.01) mm and two sam-
ples of 30%Er:BaY2F8 with thickness (1.76±0.01) mm and (2.33±0.01) mm.
All spectroscopic measurements were carried out at room temperature (296 K).
Absorption spectra in the NIR range of 950-1650 nm were measured with a spec-
trophotometer (Perkin-Elmer, Lambda 950) using a resolution of 0.5 nm. Fluo-
rescence spectra were obtained using a calibrated spectrofluorometer (Edinburgh
Instruments, FLS920) equipped with a NIR tunable laser (HP-Agilent, 8168-F) and
a liquid nitrogen cooled NIR photo-multiplier tube (Hamamatsu, R5509-72). The
laser tunability covers the range 1450-1590 nm. The laser beam was coupled into
a optical fiber, collimated and then focused to the sample through a 50 mm focal
length lens.
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Mask
Sample
Sample
Baffle
Fiber coupled laser 
Monochromator
+ Detector
a)
b)
a) or b)
Figure 6.2: Experimental setups used for photoluminescence measurements, with
(a) and without (b) integrating sphere.
As shown in Fig.6.2, ePLQY and iPLQY measurements were performed with the
upconverting samples placed in a holder at the center of an integrating sphere (Jobin-
Yvon). The sample holder had one hole of 3 mm diameter to allow the incident pump
to enter and another one on the opposite side to allow the luminescence to exit. The
uncertainty for the calibrated data is ±3% and the measurement accuracy on the
ePLQY and iPLQY measurements is ±5% [65].
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6.3 Results and Discussion
6.3.1 Absorption Measurements
The absorption spectra of the Er3+ doped BaY2F8 crystal measured for three dif-
ferent Er3+ doping levels (10%, 20% and 30%) are shown in Fig. 6.3. The spectra,
corresponding to the excitation of the 4I13/2 level from the ground state level
4I15/2,
extend over the range 1400-1650 nm. All three Er3+ doping levels present a similar
distribution: the highest peak centered at 1493 nm, more peaks with a lower absorp-
tion coefficient distributed between 1520-1540 nm and an absorption tail extending
up to 1650 nm.
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Figure 6.3: Absorption coefficient spectra in the range 1400-1650 nm of the in-
vestigated Er3+ doped BaY2F8 crystals for doping levels of 10%, 20% and 30%.
The green dot-dashed curve represents the 4I11/2 →4I15/2 excitation spectrum in the
range 1450-1590 nm (λemission = 977 nm) relative to a BaY2F8:20% Er
3+ sample.
All spectra have been measured at room temperature (296K).
The Er3+ absorption in BaY2F8 host is much stronger compared to β-NaYF4
host. A 20% Er3+ doped β-NaYF4 has its highest absorption peak at around 1523
nm with a value of 5.5 cm−1 [119], whereas a BaY2F8 with the same doping level
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(20% Er3+) has an absorption coefficient of 14.5 cm−1 at 1524 nm and it reaches
25 cm−1 at 1493 nm. As discussed previously, this difference is attributed to the
negligible scattering by BaY2F8 crystal. Even if there are no records in literature
of absorption coefficients values relative to Gd2O2S host, we suppose that also in
this case the amount of scattering due to its microcrystalline nature reduces the
absorption to lower levels with respect to BaY2F8. The absorption coefficient values
for different Er3+ doping levels in BaY2F8 and at three different wavelengths (1493
nm, 1524 nm and 1556 nm) have been reported in Table 6.1. The selected wave-
lengths correspond to the excitations used in this work for the ePLQY and iPLQY
determination presented in Section 6.3.2 and we will refer to those values later in
the discussion.
Table 6.1: Absorption coefficients relative to three different Er3+ concentration and
at different wavelengths.
Sample @1556 nm @1524 nm @1493 nm
BaY2F8:10%Er
3+ 2.0 cm−1 7.3 cm−1 14.0 cm−1
BaY2F8:20%Er
3+ 3.9 cm−1 14.5 cm−1 25.0 cm−1
BaY2F8:30%Er
3+ 5.8 cm−1 18.5 cm−1 46.0 cm−1
Figure 6.3 also displays the excitation spectrum relative to a BaY2F8:20%Er
3+
sample, which has been carried out tuning the laser excitation wavelength within the
interval 1450-1590 nm (the maximum allowed by the tunable laser) and providing
a constant power of 2.00±0.06 mW at each achievable wavelength. Its value is
proportional to the emission intensity at 977 nm associated with the transition
4I11/2 →4I15/2.
The highest peak of the excitation spectrum coincides with the highest absorp-
tion peak centered at 1493 nm, however in the excitation spectrum the peak results
in a much wider profile. This effect can be ascribed to saturation caused by the
high absorbance of the sample. It is important to stress the fact that the UC is a
non-linear process which strongly depends on the energy density of the exciting ra-
diation. The radiation provided by the Sun in the NIR range would not be sufficient
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to enhance the UC process unless it is concentrated. This means that a UC-PV de-
vice would require to work in combination with a concentrating PV system. Thus,
the available solar radiation for such a technology corresponds to the standard solar
spectrum called air mass coefficient 1.5 direct (AM1.5D), which corresponds to the
average direct component of the solar irradiance at mid-latitudes at a zenith angle
of 48.2 degrees.
In Fig. 6.4 we compare the solar spectrum AM1.5D and the optical density of a
30% Er3+ doped BaY2F8 crystal extending in the wavelength interval of 1400-1650
nm.
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Figure 6.4: Comparison of solar spectrum AM1.5D (yellow area) and a 1.73 mm
thickness BaY2F8:30%Er
3+ optical density (blue patterned area) in the range 1400-
1650 nm. The dotted black line represents the total solar photons absorbed by the
sample.
According to Fig. 6.4, although NIR photons are provided by the Sun through
the whole absorption window of the UC material, their distribution over this region
results non-uniform. The amount of solar flux at sea level is reasonably constant only
in the region between 1500 and 1650 nm with a value around 2·1018 m−2s−1nm−1.
However, below 1500 nm the solar flux drops distinctly due to water vapor absorption
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in the atmosphere [120]. As a consequence, the highest absorption peak around 1493
nm corresponds to an amount of solar flux which is 25% less with respect to the
average value at longer wavelengths.
Due to the non optimal matching between the UC material absorption and the
solar spectrum an UC-PV device would require a thick UC layer (order of mm) to
absorb most of the NIR radiation. In the next section we will show instead that
reducing the samples’ thickness considerably reduce losses due to self-absorption and
provide higher PLQYs. The absorbed solar photons by the sample achieving the
best performances in terms of ePLQY ( BaY2F8:30%Er
3+ 1.76 mm thick) has been
calculated using the absorbance and the AM1.5D spectrum. The UC sample would
absorb only 45% of the total solar flux when considering the wavelength interval
1400-1650 nm. The percentage of absorbed solar photons would increase up to 87
% if the integration is reduced to the interval 1470-1540 nm.
6.3.2 Photoluminescence Quantum Yield Measurements
The NIR photoluminescence of Er3+ doped BaY2F8 was measured according to the
pumping scheme of Fig. 6.1. The emission spectra of all samples were recorded
under two different experimental situations, namely with and without integrating
sphere (see Fig. 6.2). The measurement without the integrating sphere was set
up such that the excitation beam was focused near the edge of the sample and the
emission was collected perpendicularly from the adjacent side. This was done by
using a mask with an entrance hole for the pump and another one for the collection.
The mask also avoided the collection of photons emitted from other parts of the
sample. By doing so, the length covered inside the sample by the detected photons
was reduced, and consequently the probability of incurring a self-absorption loss was
minimized. For this reason we assume that the photoluminescence spectra measured
without using the integrating sphere are not affected by self-absorption.
The obtained photoluminescence spectrum without using the integrating sphere
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measured under 1493 nm excitation of BaY2F8:20%Er
3+ , relative to the transition
4I11/2 →4I15/2, and the ground state absorption spectrum of the same material,
corresponding to the opposite process (4I15/2 →4I11/2), are compared in Fig. 6.5.
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Figure 6.5: Comparison of emission spectrum (measured without integrating sphere)
relative to the transition 4I11/2 →4I15/2 measured under 1493 nm excitation of
BaY2F8:20%Er
3+ (black solid line) and ground state absorption spectrum of the
same material (blue patterned area) in the range 950-1050 nm.
The photoluminescence presented Fig. 6.5 is characterized by an emission dis-
tributed over two separated regions, one between 965-985 nm and the other in the
interval 985-1020 nm. The region of shorter wavelengths originates from the ra-
diative decay of electrons populating the lower levels of the 4I11/2 manifold to the
ground state, while the region of longer wavelengths is due to the radiative decay of
electrons populating the highest levels of the same manifold, as represented in Fig.
6.1.
The ground state absorption spectra strongly overlap the emission spectrum in
the interval 965-985 nm. At longer wavelengths there is still a weak absorption by
Er3+ ions as the measurements were performed at room temperature. Hence, some
of higher states at the top band of the manifold 4I15/2 are populated by thermal
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excitation (kT ' 205 cm−1 when T = 296K) increasing the probability of absorption
not only from the exact ground state but from the whole manifold 4I15/2.
Another key point emerging from Fig. 6.5 is that the emission at 977 nm reaches
a peak intensity 1.5 times higher than the one centered around 1000 nm. In the
following discussion we will show that, when the samples are measured using an
integrating sphere, the emission peak intensities will change drastically due to the
self-absorption affecting mainly the region around 977 nm.
The ePLQY and iPLQY measurements were performed on Er3+ doped BaY2F8
crystals using the integrating sphere setup as described in Chapter 3. All samples
have been tested under the same excitation conditions. The focused beam size was
measured using the 20/80 knife-edge scan technique [121, 122], resulting for each
excitation wavelength in a spot diameter of (0.30±0.01) mm and a beam area of
(7.1±0.5)·10−4 cm2. A maximum power of 5.0±0.2 mW was achievable at each
of the chosen wavelengths from the tunable laser, corresponding to a maximum
irradiance of 7.0±0.7 Wcm−2.
Figure 6.6 shows the NIR photoluminescence spectra measured for 3 different ex-
citation wavelengths, 1556 nm, 1524 nm and 1493 nm, corresponding to increasing
absorption coefficients (see Table 6.1 for their values). Each subplot (Figs. 6.6(a)–
6.6(i)) corresponds to a particular excitation wavelength and a specific Er3+ doping
level, and it contains the photoluminescence spectra measured for all different thick-
nesses available.
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Figure 6.6: NIR photoluminescence spectra measured for 3 different excitations
wavelengths: 1556 nm, 1524 nm and 1493 nm. Each subplot corresponds to a
particular excitation wavelength and Er3+ doping level, and each one contains the
emission spectra measured for different thicknesses (green-dotted for the thinnest
sample, blue-solid for the thicker, and red-dashed for the middle thickness, when
present). All spectra have been measured using the integrating sphere setup.
The area underneath each spectrum represents the overall flux of emitted photons
with wavelength between 900 nm and 1100 nm which is directly proportional to
the ePLQY of the samples, whose values are reported in Table 6.2. As previously
anticipated, a common feature to all spectra reported in Fig. 6.6 is the substantial
difference in the peak distribution with respect to the emission spectrum measured
without integrating sphere presented in Fig. 6.5. For each spectrum the highest
peak is now centered around 1005 nm, while the peak centered at 977 nm is affected
by a drastic reduction in intensity, which is the peak where the overlap between
absorption and emission spectra is stronger.
From a closer look to Figs. 6.6(d)–6.6(f) (spectra relative to BaY2F8:20%Er
3+
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samples), an interesting effect is also observed. The ePLQY changes drastically
within different thicknesses and different excitation wavelengths. It can be noticed
that for 1556 nm excitation the thicker sample (2.05 mm) gives the highest ePLQY.
Exciting at 1524 nm the same sample is now the second best, while at 1493 nm
excitation is the lowest.
The existence of an optimal thickness depending on the excitation pump together
with the drastic reduction of the emission around 977 nm suggest that self-absorption
has a huge impact on the ePLQY of the UC material. The optimal thickness vari-
ation with different excitations is related to the fact that the absorption coefficient
varies depending on the pump wavelength and Er3+ concentration. A higher absorp-
tion coefficient is equivalent to a high attenuation of the pump beam, meaning that
most of the UC luminescence is originating from the ions present in the first hun-
dreds of µm. In the case of 1493 nm excitation in a 20%Er3+ sample the absorption
coefficient is 25 cm−1, which means that at least 63% of the radiation is absorbed
after 0.40 mm. Therefore, samples thicker than this value will increase the absorp-
tion but also the probability of incurring in self-absorption. In the case of 1556 nm
excitation where the absorption coefficient results 3.9 cm−1, the same amount of
pump absorption is reached after 2.56 mm. This explain why the 20%Er3+ sample
of thickness 2.05 mm had the highest ePLQY at 1556 nm but the lowest at 1493
nm. An analytical model which describes more in detail how self-absorption and
optimal thickness are related was presented in the case of a downconverter material
in [123].
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Table 6.2: ePLQY and iPLQY (in brackets) values measured for all investigated
samples and corresponding to 3 different excitation wavelenghts: 1556 nm, 1524 nm
and 1493 nm. All measures are affected by an error of ±5%. The highest ePLQY
and iPLQY values are highlighted in bold.
Sample Ex. at 1556 nm Ex. at 1524 nm Ex. at 1493 nm
10%Er 1.05 mm 0.5 % (2.9 %) 2.7 % (5.3 %) 6.1 % (8.2 %)
10%Er 1.41 mm 0.9 % (3.9 %) 4.1 % (6.6 %) 7.2 % (8.6 %)
10%Er 2.00 mm 0.7 % (2.3 %) 2.6 % (3.6 %) 4.8 % (5.2 %)
20%Er 0.49 mm 1.5 % (10.1%) 5.3 % (10.9%) 10.1% (14.6%)
20%Er 1.25 mm 3.0 % (8.3 %) 8.4 % (10.3 %) 10.2% (10.9%)
20%Er 2.05 mm 4.4 % (8.4 %) 7.6 % (8.2 %) 9.5 % (9.7 %)
30%Er 1.76 mm 7.6 % (12.3%) 11.7% (12.5%) 12.1% (12.4%)
30%Er 2.33 mm 6.3 % (10.1%) 11.6% (12.1%) 12.1% (12.4%)
A similar behavior can be observed also for the 10%Er3+ samples (see Figs.
6.6(a)–6.6(c)), while for the 30%Er3+ samples (Figs. 6.6(g)–6.6(i)) the only appre-
ciable effect is the increased emission at shorter wavelengths for the thinnest sample,
sugesting that probably we were too far from finding an optimal thickness in this
case. However, the BaY2F8:30%Er
3+ samples (1.76 mm thick) reached the highest
ePLQY of 12.1±1.2 % for excitation at 1493 nm, corresponding to a iPLQY value
of 12.4%, which instead is not the highest overall.
The absolute highest iPLQY value has been observed in the BaY2F8:20%Er
3+ of
thickness 0.49 mm reaching the value of 14.6±1.5 %, which correspond to a ePLQY
of 10.1±1.0 %. We suppose that highest iPLQY values are achievable using thinner
BaY2F8:30%Er
3+ samples, compared to the ones used in this work, but this was not
possible to investigate due to unavailability of material.
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6.3.3 Estimation of Self-Absorption Losses
An experimental method to quantitatively estimate the amount of losses due to self-
absorption is presented in this section. In order to do so, each spectrum measured
at a given excitation and given Er3+ concentration has been normalized so as to
equalize the emission value at 1020 nm. This specific wavelength was chosen by
referring to Fig. 6.5. The wavelength 1020 nm correspond to a spectral region
in which the absorption coefficient is nearly absent (less than 0.1 cm−1 for each
concentration) but a considerable amount of emission is still present. Therefore, all
the emitted photons at 1020 nm and longer than this value are in a “self-absorption
free” spectral region and its shape will not be affected by this loss mechanism.
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Figure 6.7: Normalized NIR photoluminescence spectra measured for 3 different
excitations wavelengths: 1556 nm, 1524 nm and 1493 nm. Each subplot corresponds
to a particular excitation wavelength and Er3+ doping level, and each one contains
the normalized emission spectra measured for different thicknesses (green-dotted
for the thinner sample, blue-solid for the thicker, and red-dashed for the middle
thickness, when present).
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This method has been already used by Ahn et al. [124] and Wilson et al. [125]
to correct luminescence emission spectra in organic dyes from self-absorption losses.
Applying the normalization to all measured spectra of Fig. 6.6 we obtain a new
set of plots, which are represented in Fig. 6.7. According to Fig. 6.7, without any
exception, the emission at shorter wavelengths (around 977 nm) tends to increase
the ratio with respect to the longer wavelengths region (around 1005 nm) as the
sample get thinner. As an example, in Figs. 6.7(d)–6.7(f) the emission around 1005
nm for the 2.05 mm sample is always much greater than the other, while in the 0.49
mm sample the two peaks intensity are almost equal. Hence, the ratio approaches
the unity, which is still lower than the value of 1.5 calculated from Fig. 6.5, which
represents a measurement not affected by self-absorption losses.
Moreover, the total intensity, which is in this case related to the iPLQY, is
also increasing in thinner samples. On the whole, the measured spectra displayed
in Fig. 6.7 indicates that reducing the samples’ thickness the losses due to self-
absorption can be reduced, but not completely eliminated. Using the same normal-
ization method we compare the emission spectra of the thinnest samples for each
Er3+ doping level (measured in the integrating sphere) with the emission measured
without the integrating sphere, for which the self-absorption losses can be neglected.
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Figure 6.8: Estimated losses due to self-absorption comparing the integrated emis-
sion spectra measured in the integrating sphere (black solid line and white area) and
without integrating sphere (black dash line and red area). The losses and the iPLQY
limit estimation refer to the highest iPLQY samples investigated: BaY2F8:10%Er
(1.05 mm), BaY2F8:20%Er (0.49 mm) and BaY2F8:30%Er (1.76 mm).
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The results are shown in Fig. 6.8, and the percentage of losses due to self-
absorption has been estimated from the ratio of the total areas. Estimated losses
of 47%, 30% and 51% have been calculated for 10%Er3+ , 20%Er3+ and 30%Er3+
samples, respectively.
Finally, correcting the measured iPLQY of the thinnest samples (see Table 6.2)
for the estimated losses we can derive the iPLQY limit (self-absorption losses equal
to zero) for each concentration. iPLQY limit values resulted from the correction are
in the range of 13-19 %, 17-25 % and 20-30 %, for 10%Er3+ , 20%Er3+ and 30%Er3+
doping level, respectively.
The normalisation has been tested also for wavelengths longer than 1020 nm up
to 1050 nm to verify that our results are not affected by our particular selection. We
found that the resulting normalization factors at each wavelength move away from
the one calculated at 1020 nm with a relative error less than 5%. The 5% relative
error due to the normalization has been taken into account when estimating the
losses, resulting in a final relative error of 20%.
It results that in order to entirely remove self-absorption the sample has to be
as thin as possible, but it is evident that this extreme case would reduce the pump
absorption producing low ePLQY values. The finding of an optimal thickness pro-
vides the right balance between the absorption at the excitation wavelength and the
minimization of self-absorption losses, but this is not enough to eliminate completely
those losses.
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6.4 Conclusions
In summary, we presented measurements of iPLQY and ePLQY of a Er3+ doped
BaY2F8 crystal, in order to evaluate its potential for photovoltaics applications. The
highest ePLQY measured in this study was 12.1±1.2 % for a BaY2F8:30at%Er3+
sample of thickness 1.75±0.01 mm, while the highest iPLQY corresponding to
14.6±1.5 % was measured in a BaY2F8:20at%Er3+ sample with a thickness of
0.49±0.01 mm. Both values were obtained under excitation at 1493 nm and an
irradiance of 7.0±0.7 Wcm−2. The reported iPLQY and ePLQY values are among
the highest achieved in the case of a monochromatic excitation.
The UC process in this material resulted very efficient due to the low presence of
defects and impurities, negligible scattering and low phonon energies of the fluoride
BaY2F8 host (∼420 cm−1 [126]), which contribute to an overall reduction of non-
radiative losses.
We also demonstrated that a optimal thickness exists for different cases de-
pending on both the Er3+ concentration and the excitation wavelength in order to
maximize the ePLQY, showing that losses due to self-absorption are substantially
high. Those losses have been estimated through a normalization method in order
to evaluate the maximum iPLQY achievable by the UC materials. The estimated
iPLQY limit values were ∼16%, ∼21% and ∼25%, for 10%, 20% and 30% Er3+
doping level, respectively.
The outcome of this study suggests that thinner 30% Er3+ samples, compared to
the one used in this work, might produce iPLQY values up to 30%. Despite of this,
achieving such a value requires the use of very thin samples with low absorbance
resulting in ePLQY values more likely closer to 20%. However, as predicted by the
same author in [93], the reflective layer present in a UC-PV device (see Fig. 6.1)
could increase the pump absorption and reduce the self-absorption losses achieving
higher ePLQYs with respect to the one we can measure through photoluminescence
measurements.
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Another strategy that the authors suggest in order to increase the absorption
would be to fabricate higher doped Er3+ samples, as from our study it is not clear
what is the optimal Er3+ doping level to be used. Nevertheless, a higher Er3+
concentration will increase the probability for an emitted photon to be reabsorbed,
or to incur into additional non-radiative losses like cross-relaxation.
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Conclusions
In summary, we presented a study with the aim of minimising the losses within
luminescent materials coming from self-absorption of the emitted radiation. Appli-
cation of DC materials to solar cells represents a challenging area. The inability to
demonstrate a DC-PV device is due to the fact that the intrinsic losses happening
in a DC material compete against the DC process itself. The losses coming from the
self-absorption of the emitted radiation were analysed using a specifically-developed
1D optical model.
The results showed that an optimal thickness and an optimal doping concen-
tration of the ions participating in the DC process exist in order to minimise the
self-absorption and enhance the PLQY of the material. The validation through ex-
perimental measurements on DC borate glasses co-doped with Ce3+-Yb3+ demon-
strates the consistency of this model, which could be also applied to other spectral
conversion systems, such as those based on luminescent downshifting and upcon-
verting materials, but also for other technologies involving luminescent materials
containing highly absorbing dopants such as Yb3+ ions.
We also have quantified the impact of self-absorption on the ePLQY for an UC
system. The results showed that, also in a UC material, an optimal sample thickness
is required to maximize the ePLQY. Two different cases have been compared; the
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first in which the ePLQY of the material is measured in an integrating sphere and
the second in which the effective ePLQY of a UC layer attached to the back side
of a bifacial solar cell is considered. From the comparison it follows that, under
optimal operating conditions, the ePLQY measured through an integrating sphere
may result in an underestimation with respect to the performance that the UC
material could achieve in a UC-PV device.
Moreover, it has been found that the optimal thickness and the ions’ molar con-
centration are inversely proportional, suggesting that the condition on the optimal
working condition can be translated to an optimal number of Er3+ ions present
within the volume excited by the incident pump beam.
We presented measurements of iPLQY and ePLQY of a Er3+ doped BaY2F8
crystal, in order to evaluate its potential for UC-PV devices. The highest ePLQY
measured in this study was 12.1±1.2 % for a BaY2F8:30at%Er3+ sample of thickness
1.75±0.01 mm, while the highest iPLQY corresponding to 14.6±1.5 % was measured
in a BaY2F8:20at%Er
3+ sample with a thickness of 0.49±0.01 mm. Both values were
obtained under excitation at 1493 nm and an irradiance of 7.0±0.7 Wcm−2. The
reported iPLQY and ePLQY values are among the highest achieved in the case of
a monochromatic excitation.
We also demonstrated that an optimal thickness exists for different cases de-
pending on both the Er3+ concentration and the excitation wavelength in order to
maximize the ePLQY, showing that losses due to self-absorption are substantially
high. Those losses have been estimated through a normalization method in order
to evaluate the maximum iPLQY achievable by the UC materials. The estimated
iPLQY limit values were ∼16%, ∼21% and ∼25%, for 10%, 20% and 30% Er3+
doping level, respectively.
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